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Preface

This project was undertaken with the intent of

acquiring a knowledge base of the available tools with

which to do CMOS/BULK design work. This knowledge base

includes the "how to" of each tool to ease the frustration

that a designer might experience (and avoid the frustration

that I experienced). The easiest tools to use are the ones

that are presented in the pages of this thesis.

The CMOS/BULK library that was put together is by no

mwtans complete, but it gives the designer a head start and

hopefully will tickle his imagination to add new cells and

perhaps better versions of the old ones.

I would like to thank my thesis advisor, Bill Sutton,

for his invaluable help, guidance, and draft reviews in

completing this project. I would also like to thank Hal

Carter and Joe Hamlin for their help in getting BANE up and

running on the VAX 11/780.

Special thanks goes to my lovely new wife, Angela, for

putting up with all of this.

Michael L. McConkey
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Abstract

A complete CMOS/BULK design cycle has been implemented

and tully tested to evaluate its effectiveness as a viable

set of computer-aided design tools for the layout,

verification, and simulation of CMOS/BULK integrated

circuits. This design cycle is good for p-well, n-well, or

twin-well structures, although current fabrication

techniques available limit this to p-well only. BANE, an

integrated layout program from Stanford, is at the center of

*• this design cycle and was shown to be simple to use in the

layout of CMOS integrated circuits (it can also be used to

layout NMOS integrated circuits).

A "flowchart" was developed showing the design cycle

from initial layout, through design verification, and to

circuit simulation using NETLIST, PRESIM, and RNL from the

University of Washington. A CMOS/BULK library was designed

and includes logic gates that were designed and completely

tested by following this "flowchart". Also designed was an

ar ithmetic logic unit as a more complex test of the

CMOS/BULK design cycle.

viii
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ANALYSIS OF THE CAPABILITY TO EFFECTIVELY DESIGN

COMPLEMENTARY METAL OXIDE SEMICONDUCTOR

INTLGRATED CIRCUITS

1. introdu'tion ".

backqround

The Department of Defense has always been a major

driving force behind the development of new and better

technologies, and this is especially true in the field of

microelectronics and integrated circuits. The development

of integrated circuits and their successful use in military

dpplications has had a great impact on the size, functions,

and data processing capabilities of military systems such

as aircraft, missiles, and satellites. But integrated

circuit technology has been increasing steadily for

commercial applications and not for military applications

(1:273). Although integrated circuits that are targeted

for the commercial market are somewhat reliable, they do

not meet Department of Defense requirements in terms of

"reliability, testability, immunity to environmental

stress, and speud" (1:274). Because of this, the VHSIC

program wAs created.

The VHSIC program (Very High Speed Integrated

Circuits) was created in 1978 and was put into affect in

1980. It is a four phase program spanning over seven years.

it i designed to meet the objective of developing advanced

intugratvd circuits for use in future military systems

1-1



(1:276). The product of the VIISIC program will be

integrated circuits with vtery high switching speeds, low

power consumption, and i-idi ation hardening. In order to

get the high switching speeds, more arid more transistors

have to be packed onto the same integrated circuit. VLSI

technology is cipable of doing this. But increasing the

numbe-r of trdasistors on the bairie circuit also increases

tlh pow:r consumption of the circuit. A trend towards the

uso of CMOS has developed to obtain both high switching

speed 'Ald decreased power consumption. Also CMOS

technology has A somewhat better radiation resistance than

other leading tLansListor technologies (2:58).

Although CMOS is not the only viable technology for

use in tne VLSI/VIiSIC programs, it is d proven technology.

Some of the features that make CMOS desirable are as

tol lows: (3)

I. Static power dissipdtion is extremely small.
2. Excellent noise immunity.
3. Faster than p-channel MOS.
4. TTL compatible.

Also dynamic CMOS circuits are comparable in speed and

design complexity to the same type of circuit implemented

ii NM S (4:480)

Currently, CMOS technology is being applied to

microprocessors, RAMs, and analog devices such as

ope rat ional amplifiers and analog-to-digital converters.

Very large, 256K, RAMs have been designed by using dynamic

1-2
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CMOS circuits where many n-channel transistors are used

with just a few p-channel transistors, and there exists one

design that uses an NMOS mem~ory cell in conjunction with

high performanrice CMOS periphery circuitry (10). In thi •

way, all the benefits of CMOS are obtained with the high

switching speed of NMOS. CMOS circuits are also ideally

suited for analog applications because of the large voltage

swing that CMOS can provide. Thus, analog and digital

devices incorporating CMOS circuitry can be fabricated on

the same integrated circuit.

Problem Statement

The purpose of this thesis is to provide an analysis

of the capability to effectively generate CMOS integrated

circuits at AFiT. Currently, only NMOS circuit generation

exibts, but computer-aided design tools for CMOS have

recently arrived and are now on the VAX 11/780.

Scope

Because the CMOS computer-aided design tools ire new,

they will be studied to determine their effectiveness in

generating integrated circuits. These tools include a

descriptive chip layout language, a design rule checker, a

circuit simulator, and a cell library. Each tool's

effectiveness will be determined by actually designing an

integrated circuit. This circuit will be a 4-bit

arithmetic logic unit (ALU), and it will incorporate cells

1-3
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from the cell library.

If these tools prove to be too cumbersome or even

impossible to use, then the existing NMOS circuit

generation techniques will be studied and modified for use

in generating CMOS circuits. This study will include using

the Stanford CLL (Chip Layout Language) to layout the

circuit components, and then modifying the CIF (Cal-Tech

Intermediate Form) files that are produced by the Stanford

CLL. Also, if this approach is taken, compatibility

between the CMOS cell library format and the Stanford CLL

will have to be determined. If compatibility does not

exist, then a new CMOS cell library will be developed using

the Stanford CLL.

To provide some comparisons between CMOS and other

technologies in VLSI, the ALU designed in this thesis will

be compared to an ALU of the same design using CMOS/SOS

technology. This CMOS/SOS ALU was designed by Wayne '

Sommars GE-83D (5).

To provide the necessary background, one chapter of

this thesis will briefly present current CMOS technology

plus new developments that are making this technology

better. Also, differenccs between CMOS and CMOS/SOS will

be presented. Throughout this thesis, CMOS will refer to

bulk CMOS (silicon substrate) while CMOS/SOS (sapphire

substrate) references will be made explicit.

1
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Assumptions

In order to complete this thesis work in the time

allowed, the following assumptions have to be made:

1. Pads suitable for use in CMOS integrated
circuits are available. These pads will include
VDD, ground, input, and output pads. The input -.

arid output pads should be TTL compatible.

2. The CMOS cell library contains the cells most
frequently used in designing CMOS integrated
circuits. These cells have been tested and

rMw perform according to design conventions.

Summary of Current Research

Much is already known about CMOS. It is a well

documented technology that is just now being exploited for

use in VLSI designs. Currently, research is being

conducted to determine how to avoid an annoying problem

called latch-up. Also, research is being conducted on how

to increase the speed of CMOS logic to make it more

desirable for VHSIC applications. Chapter II presents

these items in more detail.

At AFIT, there is no research being conducted in CMOS

technology merely because there has been no opportunity to

do so. This thesis should open new doors for future

researchers.

Approach

The approach of this thesis is straight-forward. A

working knowledge of the available CMOS computer-aided

1-5
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design tools will be assembled. This will include

"flowcharts" to show how each tool relates to another in

the total CMOS design process. A methodology based on this

knowledge and on the design process presented in Mead and

Conway (6) will then be produced for future AFIT students.

If these tools are unsuitable for use, then a methodology

based on the current NMOS computer-aided design tools will

be produced. If time allows, then compatibility between

these two sets of design tools will be analyzed. For

example, using SPICE or MEXTRA (both NMOS analysis tools)

onl CMOS.

After the design methodology has been developed, then

it will be implemented in designing a 4-bit ALU. The steps

taken in this design should determine whether the developed

design methodology is adequate for generating CMOS

integrated circuits. The methodology will be strictly

adhered to unless such circumstances dictate otherwise.

Sequence of Presentation

Chapter II presents a brief background and

introduction of CMOS technology. Such items as latch-up

and precharging are discussed. Comparisons between CMOS

and NMOS, and between CMOS and CMOS/SOS are included. The

emphasis in this chapter will be on current technological

advancements in the area of CMOS.

Chapter III includes an introduction and synopsis of

the CMOS computer-aided design tools. The use of each tool

1-6
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is discussed. Also, the design methodology is presented in

this chapter. The intent is for this chapter to be used as

a tutorial in CMOS integrated circuit design for future

AFIT students.

Chapter IV presents the design of the 4-bit ALU. The

initial block diagrams, logic circuits, and circuit plots

are included.

Chapter V presents the comparison between the CMOS ALU

and the CMOS/SOS ALU designed by Sommars.

Chapter VI presents the recowmendations and

conclusions based on the research included in this thesis.

1-7
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II. CMOS Technology

This chapter presunts current advancements in the

broad area of CMOS. The udvancements included in this

chapter are latch-up improvements, speed enhancements,

design complexity improvements as compared to NMOS and

CMOS/SOS, and current advancements in CMOS/SOS at AFIT.

Before these advancements can be discussed, a brief

overview of CMOS is necessary. The reader may wish to

proceed to the next section if he is already familiar with

this technology.

The CMOS Process

Complementary metal-oxide-semiconductor technology,

CMOS, is currently one of the leading transistor logic

families for VLSI design. Its low power consumption and

excellent .Gise immunity make it ideally suited for

integrated circuits whose design complexity requires more

transistors to be packed on a given piece of substrate.

CMOS technology dctually consists of two separate MOS

technologies; that of p-channel MOS, PMOS, ana n-channel

MOS, NMOS. Conventional CMOS is known as bulk CMOS because

it has a silicon substrate, as opposed to CMOS/SOS which

has a sapphire substrate. There are three different

possible structures for a CMOS transistor, and these are

shown in Figure II-i. Typically, most CMOS circuits are

II-'
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Figure II-i. CMOS Structures (4:483)

constructed using a p-well simply because it was the lrst

me thod.

All three are claimed to have advantages in enhanicing

the ptrformance of a CMOS circuit. For tie fi.s t method,

bulk CMOS starts with an n-type substrate into which a

p-well is diffused. This well eventually holds the NMOS

circuit.

After this diffusion, cuts are made to diffuse in the

uourcc arid drain for the PMOS circuit which have a higher

0 conct-entration of p-type mdterial. Next, cuts are made over

11-2

II-2 '...'.
! 4'



the p-well to diffuse in the source and drain of the NMOS

circuit. Following this the gates of each transistor are

fornied. The gate is usually an arrangement of polysilicon

sandwiched between silicon dioxide (2). In the last step,

metal is laid down to make the appropriate

interconnections. Note also in bulk CMOS that there

usually is an extra step consisting of etching a groove

between each transistor and growing silicon dioxide. This

inctrases the isolation between transistors (2).

Figure 11-2 shows a basic CMOS inverter which consists

of a PMOS circuit and an NMOS circuit. These two

transistors work together to provide the switching, thus

the name complementary MOS or CMOS. At any instant of

time, only one transistor of the pair is on. What makes

CMOS technology so desirable is that in either logic state

(U or 1) negligible power is drawn from the source. Power

dissipation only occurs when the logic state switches.

This low power dissipation makes CMOS ideally suited for

systems that cannot provide a large power supply, such as

spacc vehicles or the new portable microcomputers. Note

thdt both transistors are enhancement mode transistors.

This provides active pull-up and active pull-down for the

CMOS inverter.

Figure 11-2 also shows the typical voltage transfer

characteristic for the CMOS inverter. When the input

voltage, Vi, is zero, the PMOS transistor is on while

thu NMOS transistor is off. This is because the PMOS

11-3
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Figure 11-2. Typical Inverter and Voltage
Transfer Characteristic

(7:238,239)

tiansistor requires negative gate-source and drain-source

voltages to cause channel formation while the NMOS

transistor requires positive gate-source and drain-source

vultaYU6. Thu output voltage, Vo, is high because it

is at the supply voltage potential through the PMOS

transistor. As V. is increased, the NMOS transistor
1

turis on (saturation) causing V to drop.

A further increase in V i causes both transistors

to be saturated. It is at this point that the maximum

* power dissipation of CMOS occurs. Finally, when V. is

11-4
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T

Figure 11-3. a) CMOS NAND gate b) CMOS NOR gate

c) CMOS Transmission gate

threshold voltage (that voltage required for channel

tormdtion) below the supply voltage, the NMOS transistor is

on and the PMOS transistor is off (7:239). The output

voltage is now low because it is at ground potential
I!

througJh the NMOS transistor.

Most CMOS circuits consist of variations of the CMOS

I-inverter. Shown in Figure 11-3 are a CMOS NAND gate and a

CMOS NOR gate. In the NAND configuration, both n-channel

transistor gates must be high to provide a path to ground.

otherwise, the p-channel transistors stay on driving theI I

output to Vdd (normally 5 volts.) In the NOR

11-5
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configuration, operation is opposite.

Also shown in Figure 11-3 is the CMOS transmission

gate. This gate is useful in isolating different sections

of combinational logic. Current flow through this gate is

bi-directional depending on the active phase signal. When

the phase signal is high (complement low), current can flow

through the transmission gate in either direction because

both the p-channel and n-channel transistors are on. When

the phase signal is low (complement high), the transmission

gate becomes a high impedance device because both

transistors are off.

There exist many innovative forms of CMOS technology.

All improve or take advantage of certain characteristics of

CMOS. High performance CMOS, HiCMOS, uses the twin well

structure along with a double layer of polysilicon to

increase the speed and density of conventional CMOS (8).

Stacked Transistors CMOS, ST-CMOS, stacks the p-channel

transistor on top of the n-channel transistor to increase

the packing density (9) which makes it comparable to

densities achieved with standard NMOS technology. Then

there is CMOS on insulating substrate such as CMOS/SOS.

More will be said about CMOS/SOS later in this chapter.

These are just three of the many forms of CMOS technology

that can be used in circuit applications.

Currently, CMOS technology is being applied to

microprocessors, RAMs, and analog circuits such as

operational amplifiers and analog-to-digital converters.

11-6



Very large, 256K, RAMs have been designed by using dynamic

CMOS circuits where muiy n-charnnul transistors art used

with just a few p-channefl transistors, and there exists one

design that uses An NMOS meliory cell in conjunction with

high pcrformancte CMOS periphery circuitry (10) In this

way, all the benefits of CMOS are obtained with the high

switching speed of NMOS. CMOS circuits are also ideally

suited for analog applications because of the large voltage

swing that CMOS can provide. Thus, analog and digital

circuits incorporating CMOS circuitry can be fabricated on

the same integrated circuit.

CMOS Latchup

CMOS circuits are subject to an undesirable condition

called latch-up. When latch-up occurs, the CMOS circuit

locks into a logic state and will stay that way until the

power is di sconnectud or the circuit burns out. An

lectr ical transient in the power supply that exceeds the

absolute value of either Vdd or Vss (the most negative side

of the supply voltage which is usually OV or ground) is

enough to cause latch-up. This transient can be caused by

a sudden switching capacitance or it can even be caused by

radiation (2).

Latch-up occurs because of the structure of a CMOS

circuit. CMOS exhibits parasitic npn and pnp bipolar

transistors as shown in Figure 11-4. This figure shows a

p-well example, but the parasitic transistors exist for the

11-7
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Figure 11-4. CMOS Inverter Cross Section Showinq
Parasitic Bipolar Trarnsistors

n-well dfld the twin well structures as well.

Notice irn the f igure tha.t the collector of thu rilin

transistor drives the base of the pnp transistor arid vice

vers_1a. This formns a pnpn junction which-is an SCR, silicon

Control led rectifier. The latch-up occurs when t he

transient volItacje is sufficiently large enough to causu anI

IJR drop exceeding 0.7V across either of the elfitter-bdse

shtunt retsistors (4:490) . Once one of the transistors turns

on1, thu other will also turn on. Because the collector of

each transistor drives the base of the other, both will

turn on hard anid fast. This quickly causes the power

11-8
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NE~LL

6i GLU4AD BANDS

Figure I-5. CMOS Device with Guard Bands (7:243)

supply to be almost completely shorted. A large amount of

current flows through this circuit which is why latch-up

can be potentially damaging to the CMOS circuit.

Latch-up susceptibility -an be reduced or even

tlimiriated in CMOS circuits by careful layout of the CMOS

circuiLs arid by either reducing the product of the current

gains of the parasitic transistors to be less than

one (hFE x hFEn < 1), or by reducing
pnp npn

the emitter-base shunt resistance of the parasitic pnp

transistor (11:248), or by using guard bands around the

p-channel and n-channel transistors that comprise the CMOS

I1-9
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circuit. The latter method was the first one to be used.

Figure 11-5 shows how the guard bands are used. The

p-channel transistor is surrounded by a continuous n+ ring,

and the n-channel transistor is surrounded by a continuous

p+ ring (7:243). Guard bands collect the minority carriers

betore they reach tht collectors of the parasitic

transistors. Guard bands find the most use in I/O

circuitry where input protection from transients is

critical (4:490). The major disadvantage of using guard

bands is that they increase the dimensions of the CMOS

circuit.

One of the more effective ways of reducing latch-up

susceptibility is by reducing the product of the current

gains of the parasitic transistors. This method is most
0

effective when a p-well is used, and is accomplished by

using a p+ buried layer under the p-well (4:490). This

method increases the base width of the vertical npn

parasitic transistor which decreases its current gain

(12:254). Other methods of reducing the product of the

current gains is by using a Pt-Si Schottky barrier on the

PMOS circuit's source and drain (13), or by using

retrograde impurity profiles for the well diffusions (14).

The final method of reducing latch-up susceptibility

is by reducing or eliminating the emitter-base shunt

resistance of the parasitic pnp transistor. This can be

done easily by growing a lightly doped epitdxy over a

heavily doped substrate (4:490). If a p-well is used, then

11-10
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the epitaxy/substrate structure is n/n+, and if an n-well

is used, then the structure is p/p+.

Latch-up characterization is dependent on the type of

CMOS structure used and influences the choice of substrate

material. In the p-well structure, the npn parasitic

transistor is formed vertically, and its current gain is

dependent on well junction depth and impurity density,

while in the n-well structure, the npn parasitic transistor

is formed laterally, and its current gain is dependent on

circuit alignment and lateral spacing (15:451). But

latch-up susceptibility in the p-well and the n-well

structures is determined more by the emitter-base shunt

resistances and less by the product of the current gains

(11, 15, 16, 17). This would make the use of a lightly

doped epitaxy critical in hardening against latch-up in

CMOS circuits that use either well structure. Thete is no

difference in latch-up immunity between the two structures

if an epitaxial layer is rot used, while the p-well

structure has a better latch-up immunity than the n-well

structure if an epitaxial layer is used (16:163).
0

Latch-up immunity in a twin well structure is also due

primarily to a reduction in the emitter-base shunt

resistances and not to a reduction in the product of the

current gains (17). In this type of structure, though, an

epitaxial layer is not used to reduce the shunt

resistances, but rather the impurity doping densities of

the wells are controlled and kept at 1016 cm- 3
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(17:171). This high impurity concentration in each well

ensures low emitter-base shunt resistances.

CMOS Speed Enhancements

A CMOS circuit is slower than TTL or NMOS, but it is

faster than PMOS. The reason why CMCS is slower than NMOS

is because of the added gate capacitance onl the input due

to the parallel connection of the gate of the PMOS

transistor to tile gate Of the NMOS transistor (4:479). The

most cominon way of enhancing the speed of CMOS is by
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precharging the bus lines (18). These lines are pulled to

a logic 1 during one phase of the clock cycle, and during

the next phase, the bus lines are used for the transmission

of data. In this way, the CMOS circuit does not have to

supply the current necessary to pull the bus lines high

which significdntly increases the speed of the circuit.

One other way that is currently in wide use of

ke.riw aicd ng CMOS circuits is to use many n-channel

transistors with very few p-channel transistors (4:480).

Tne speed enhancement comes from the use of a large number

of n-channel transistors, yet the power dissipation

advantage of CMOS is still present because of the use of

the p-channel transistors. This type of arrangement is

known as Domino CMOS and an example is shown in Figure

11-6.

This type of structure is called dynamic because it is

enabled only when the clock pulse is high. When the clock

pulse is low, the output remains high. A typical

integrated circuit would consist of many of these types of

devices in a cascaded connection. The data flows from one

device to another, thus the name Domino CMOS (4:480).

There is one other form of CMOS, called Hi-CMOS, that

ofters improved speed capability over typical CMOS.

hi-CMOS employs the use of a twin well structure with short

channel transistors and a double layer of polysilicon for

thie gate (8:534). It also uses an n/nt epitaxy/substrate

structure to prevent latch-up by reducing the emitter-base

11-13
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shunt resistances (8:535).

CMOS - NMOS Comparison

The structure of a CMOS circuit and that of an NMOS

circuit look similar when compared. The difference is that

where the CMOS circuit contains a PMOS transistor, the NMOS

circuit contains a depletion mode NMOS transistor with its

gate shorted to its drain. This depletion mode transistor

provides active pull-up and is always on. This means that

the NMOS circuit is always dissipating power while the CMOS

circuit is not. An integrated circuit manufactured with

thousands of NMOS circuits is going to place a constant

load on the power source. This is why CMOS circuits are

currently being used in integrated circuits where the power
'0

supply is limited.

but a disadvantage of CMOS is that it requires more

square area of silicon than does NMOS. Domino CMOS and

Iii-CMOS are then used because these two forms not only -

provide significant speed improvements but they also

conserve silicon real estate. Table II-i shows a more

detailed comparison between these two technologies.

Although it appears that NMOS is better, the

advantages offered by CMOS can far outweigh any apparent

advantages offered by NMOS. The designer must consider the

spvcifications of the system before choosing a technology,

especially the power requirements.
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Table II-I. CMOS - NMOS Operating Parameters (3)

NMOS CMOS

power dissipation .1-10 50nW static

per gate (mW) (freq dependent)

fan-out 25 50

propagation delay 1-10 10-50
per gate (ns)

packing density -150 -70
(gates/mm )

CMOS - CMOS/SOS Comparison

CMOS/SOS is an emerging technology that seems to offer

better performance than bulk CMOS. A CMOS/SOS circuit is

* similar to a bulk CMOS circuit except that the actual

transistors are formed in a silicon island on a sapphire

substrate. Figure 11-7 shows cross section views of a CMOS

Arid a CMOS/SOS circuit.

There really is no difference between CMOS and

CMOS/SOS in the areas of power dissipation, process

compIplexity, and ease of design. There are three important

difrtrunces between the-Lse two technologies arid they are

parasitic capacitances, latch-up, and floating substrate

affects. CMOS exhibits gate-drain, drain-substrate, and

source-substrate parasitic capacitances. CMOS/SOS

substantially exhibits only a gate-drain capacitance which

is lower than that for CMOS (5:11-22).

11-15



PWCLL

n 5UBSTRATE SAPPHIRE

(a) (6)

POYiLkMETAL siOx.

Figure 11-7. Cross Section
a) CMOS b) CMOS/SOS (19:247)

The reason for this is thdt the island diffusions are

driven down to the sapphire substrate which is an insulator

(5:11-22). Decreasing the parasitic capacitance increases

the switching speed for a given supply voltage and power

rating. This is why CMOS/SOS enjoys a faster switching

spued than CMOS.

CMOS/SOS also does not suffer from latch-up. The

sapphire substrate does not permit this condition to occur.

There are no possible pnpn junctions in a CMOS/SOS circuit.

Although CMOS/SOS does not suffer from latch-up, it does

have a floating substrate problem that is not a part of

bulk CMOS. This problem causes the potential on the

11-16
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sapphire substrate to continually rise with repetitive

switching of the gates which reduces the drive capability

of the CMOS/SOS circuit (19:245).

CMOS/SOS Developments at AFIT

Currently, AFIT has the capability to design and

layout CMOS/SOS integrated circuits through the research

effort of one of its students (5). A set of CMOS/SOS

design rules were established along with a CMOS/SOS cell

library that will permit designers to build large scale

integrated circuits. Also developed was a CMOS/SOS PLA

generator that permits the design and layout of a PLA from

the boolean equations that define such a PLA. Finally, a

4-bit ALU was designed and implemented with cells from the

cell library. Although no integrated circuits have been

fabricated or tested, this capability shows promise for

future VLSI designers at AFIT.
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III. CMOS Layout and Verification

This chapter presents the current computer-aided

design tools that can be used to layout and verify CMOS

integrated circuits. Each tool is discussed as it pertains

to the CMOS/BULK design methodology. This chapter can

possibly be used as a tutorial in CMOS integrated design

for future AFIT students.

Design Tools

BANE. A good layout language is vital to design an

integrated circuit. This is especially true when the

designer cannot depend on an interactive design process but

must judiciously place each interconnect through the use of

wir and rectangle statements. The BANE process, designed

by Stanford, is one of the mdny layout tools available to

the designer.

The BANE process consists of a pipeline that starts

with a CLL (Chip Layout Language) file that describes the

ldyout of the circuit and ends with a plot of. the circuit.

it is an enhanced version of the CLL CAD tool. BANE can

also produce a cifout file (".co") or a CIF file (".cif")

that is suitable for other CAD tools. BANE can be used for

NMOS circuit design or for CMOS circuit design. The

emphasis in this thesis is its use in CMOS circuit design.

For more information on CLL, the reader should consult the

II-i-
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Table I1I-1. BANE Options

jOPTiON RESULT

-v [I 1/c O!-i il''t thu tchnolgy to be used, either

NMUS ot CMO5; default is NMOS

-o filename puts any output into filename

-a supplit-s a uLutr defined label or a label
of the form symname.linenum to all calls
in the ".cif" file with user extension 5
(symname is the symbol name in the
".cll" file and linenum is the line
number it occurs on in the ".cll" file)

-h user labels generated for all terminals

-p display lines containing CLL errors

-u user defined labels are generated and
included in the ".cif" file with user
extension 6

-V use alternate copy of c112 language
j ~ processor

-Z provide extensive diagnostics for
debugging BANE

-d # supplies a ".co" file with a depth
corresponding to the level of
symbol calls given by the number "#"

-A plot output on AED terminal
(NOT functional)

-r produce an 8.5 by 11 inch plot

-b increase the raster plot to
9 feet

One of the primary reasons for developing BANE was to

include the capability to design CMOS integrated circuits
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by using existing CAD tools for NMOS integrated circuit

design. The technology version option allows the designer

to select the technology desired for the integrated

circuit. Table 111-1 summarizes the new options that are

included in BANE.

The -a and -u options are not useful for the current

implementation of CIFPLOT. Each generates a user extension

that is not recognizable by CIFPLOT. Therefore the label

fe ture would not be advantageous to use until CAD tools

that can use this extra information can be obtained.

Two useful options included in BANE are the -r and the

-p options. The -r option will cause the plot to be drawn

on 8.5 x 11 inch paper which will be suitable for reports.

But if the plot is very long compared to its height (height'0
being measured along the 11 inch side of the paper) then

toe plot will not be contained within the allotted 8.5

inches. The -p option will print to the standard output

all the lines that contain a CLL error. This greatly

iiproves any debugging in a CLL file.

BANE recognizes nine different layers in the structure

of a CMOS integrated circuit. Table 111-2 lists these

layers. There are four new layers associated with CMOS

design. The two layers, pwell and nwell, are used to

define the n-channel transistor area and the p-channel

transistor area, respectively. Either can be used

separately for single-well fabrication proccsses, or they

can be usud together for twin-wull fabrication processes.
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K2

Table 111-2. CMOS/bULK Layers

CLL Layer BANE CIF Layer MOSIS CIF Layer

metal UM CM
poly UP CP
diff UD CD
contact UC CC
glass UG CG
pwell U PW CW
pplug UPP CS
nwell UNW ---
nfplug UNP ---
--- -CE

CC2
--- --- CM2

The other two layers, pplug and nplug, are a p+ layer

0 and an n+ layer, respectively. They are used to create

diodes, guard bands, and to provide a good ohmic contact

when grounding the p-well or tying the n-well to Vdd.

Also shown in Table 111-2 are the layer names that the

MOSIS fabricators recognize. Currently MOSIS offers only a

standard p-wull tabricdtion process. Before a chip is sent

to MOSIS for fabrication, the conversion from the BANE CIF

Ldyer namus to the MOSIS CiF layer names must be done.

Notu that MOSIS ofttes a second level polysilicon (CE) , a

s;econd level cut (CC2), and a second level metal (CM2).

Trlhse additional levels are used for creating capacitors,

d rid any design work must be done in CIF since BANE does not

support the layers.
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DRC. After the circuit hds been layed out, the

ar twuok should be verified using the design rule checker.

(Dte i gn rules are: discussoed in the next suction.) Thu new

DRC program dIlows thu ua.sigrner to declare the particular

technology just like in BANE with the "-v" option.

besides the standard checks such as minimium width and

s6:pardtion, DEC also provides three additional checks with

the "-e" option. With this option, DRC checks for p-wells

b connected to ground, n-wells connected to Vdd, and that all

diudes are shorted. The p-well and n-well checks only

consist of ensuring that these wells are connected to the

sdulf node; whether it is ground for the p-wells or Vdd for

the n-wells the DRC makes no distinction. But because of

the way that DRC performs this check and the way that the

wells are connected to the supply voltages causes DRC to

rt-poit that the wells ore not connected.

One additiondl false error will occur when DRC is

used. DRC will report "contact cuts without poly or diff

underneath" for those contacts used in connecting the wells

to their respective sides of the power supply. These fdlse

r IUOrb should be- ignoted in these situations only. The

"-e" option should rnot be used unless diodes are being

im plemu.nted in the circuit.

The ".drc" and ".co" files that are generated by DRC

aijd BANE, respectively, should be kept. BANE permits the

de.ignur to "tag" DRC violations on the actual circuit

plot.
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By typing

bane -v cmos file.drc file.co

the BANE pipeline will produce a plot of the circuit with

little black, solid diamonds corresponding to the general

area of the DRC violation. This eliminates any confusion

by showing exactly where DRC spotted a violation.

Extraction and Simulation. Verification of the

circuit should continue through the use of a simulator.

This could be an event level simulator or SPICE. Before

the simulator can be used, the necessary information must

be extracted from the circuit.

MEXTRA can be used for the extraction because it

recognizes p-well CMOS. The designer must create a .cadrc

file in the home directory with the entry "tech cmos-pw" in

it before running MEXTRA with a CMOS CIF file. The

designer must also change the CIF layer names to those

recognized by MOSIS before running MEXTRA.

SPICE can be run with this output from MEXTRA, but the

event level simulator cannot. The current implementation

of ESIM cannot be used for CMOS. However, there exists an

event level simulator from the University of Washington

called RNL. RNL uses the binary output from a program

cdlled P1{I'L'I M. 1'P4LSIM takus for input the extracted

information tca t|;-n circuit. According to the RNL User's

MAnudl, MEXTrA with the "-o" option will produce the

extracted irntormatlon (".sim" file) required by PRESIM.a

This is not completely true. First, PRESIM does not like
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the "n" declaration for n-channel transistors. It would

rather have an "e". Second, the node records created by

MEXTRA with the "-o" option do not contain all the

information that PRESIM requires (PRESIM returns a "bad

node record" error).

PRESIM requires the ".sim" file to be in M.I.T.

format, but MEXTRA produces the ".sim" file in Berkeley

format. There does exist a filter program called SIMFILTER

that converts from one format to the other. This program

was used but the conversion process did not produce the

.sim" file in the correct format for PRESIM. After

conversion, vital information such as the diffusion

perimeter, polysilicon perimeter, and metal perimeter in

each node record was missing, and four fields in the

transistor records were in the wrong positions. PRESIM

cannot create an accurate binary file for input to RNL

because of these errors.

There is an extraction program from the University of

Washington called NETLIST. This program takes a nodal

description of the circuit, in LISP-like syntax supplied by

the designer, and creates a ".sim" file that is completely

suitable for PRESIM. RNL can accurately describe the

switching using this output. Using NETLIST will take more

time in the overall design cycle because the designer must

write a nodal description of the entire circuit and all its

transistors, but using macro definitions as described in

the NETLIST manual does alleviate some of the design
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effort. For additional information on NETLIST, PRESIM,

RNL, MEXTRA, SPICE, and ESIM the reader should consult the

respective manuals.

Finally, there is a program called EXTRACT that AFIT

does not have. This program and a new version of ESIM

complement BANE. Their procurement would complete the CMOS

design cycle.

Appendix B completely shows the steps needed by the

designer to layout and verify a CMOS integrated circuit

using the available tools at AFIT. In it is a flowchart

that shows the steps. Also included are the editing

changes that the designer must do in order to interface to

uther CAD tools.

Desiqn Methodology

Design Rules. As stated before, MOSIS only offers a

standard p-well fabrication process. This process is for

3uwi (microns) CMOS only. In order to satisfy the MOSIS 3um

design rules and t'm require(ments of DRC, a set of design

rules were devt lopted. These design rules are listed in

Appendix C. Alt.hough the firal CIF file that is used for

fabrication can be scaled, the values presented for lambda

in Appendix C represent the best choice to ensure a proper

fabrication of the circuit. These values also permit the

designer to use DRC without obtaining errors in minimum

width dnd spacing. The final scale value of 75/1 (lambda

l.Sum) for the fabrication CIF file would give the smallest
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possible circuit if the values given for lambda in Appendix

C are used.

Simple Cells. A cell is a circuit that is used with

other circuits like itself or different to make a larger,

more complex circuit. Each cell provides a particular

function. Simple cells would be classified as those

circuits that contain less that 10 transistors. Basic

logic gates such as inverters, NAND, NOR, and transmission

gates would fall into this classification. A simple cell

is reldtively straightforward to design, and Appendix D

shows designs for a 2-, 3-, and 4-input NAND, a 2-input

NOR, an inverter, a double buffer (inverter pair), and a

transmission gate. Also included in Appendix D are the

SPICE outputs for each cell. Most of these gates will be

included in the design of a 4-bit ALU.

Each of the gates shown in Appendix D were designed to

allow for the smallest such device without violating any of

thu dtsign rules establishud in Appendix C. They were also

designed to allow for vertical tessellation, with the power

running vertically and the input/output running

horizontally. All inputs and outputs are in polysilicon,

except for the transmission gate whose output is metal and

input is either polysilicon or metal. All of the NAND

gates can be tessellated with each other. The inverter,

transmission gate, NOR gate, and the double buffer can only

be tessellated with themselves. The ratios used were those

established by Sommars in his thesis (5:V-8)
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The p-well is clearly identified in each gate, and'..

therefore the n-channel devices, see Figure Ill-I for an

example. The rest of the unused real estate of Figure

IIi-1 is n-substrate. Note the contact cuts in the ground

wire that overlays the p-well. Below this section of wire

is a layer of p+ (pplug) material. The contact cuts and
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the p+ material provide a good contact between the p-well

and ground. Liberal use of contact cuts to ground p-wells

should be implemented to provide better latch-up imnunity.

Placement of the p-well should be done carefully, and the

design rules of Appendix C should be strictly followed to

ensure reliable operation.

None of these gates employ guard bands to eliminate

latch-up. Guard bands are the only effective way of

reducing latch-up because of the fabrication process that

is available. MOSIS advises that the only effective way to

reduce latch-up susceptibility in this process is to use a

large guard band between the internal circuitry and the I/O

circuitry. Guard bands could also be used within each cell

to prevent spurious channel formation, but the design rules

and careful placement of the polysilicon gates help to

eliminate this.

From looking at the SPICE output for each gate, the

capacitance that is inherent in a CMOS device becomes quite

evident. This is especially true when only one input

changes while the others remain high as shown in the SPICE

outputs for the 3-input NAND and 4-input NAND gates. These

two gates had to be modified as shown in Appendix D because

of this capacitance.

The switching speeds could be increased by using

precharging, or since these designs are basic CMOS gates,

they could be eliminated it favor of using Domino CMOS.

RNL, an event level simulator, was also used on each of the
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gates, and each gate switched correctly.

When designing these cells, uspecially NAND gates, the

designer must be careful in choosing the proper W/L ratios

of each transistor. Remember that a CMOS transistor pair

contains a relatively large amount of capacitance so that

the transistors must be designed large enough to allow an

adequate current flow to provide maximum and symmetrical

switching. Also the number of inputs of a NAND gate should

be limited to four. The reason for this is that in a CMOS

gate, the relative resistance of each transistor in the

conducting state is about the same (20:203). Consequently,

the number of inputs that change simultaneously will

influence the voltage transfer characteristic of the gate.

The transfer curve will shift, corresponding to the number
0J

of inputs that change. This shift causes a decrease in

noise immunity, and, hence, the usefulness of the gate.

The designer should also note that because the hole

mobility is less than the electron mobility, the width of

the p-channel device should be 1.5 to 2 times wider than

the width of the n-channel device for a CMOS transistor

p dir (20:205). The industry standard is 2:1 PMOS to NMOS

tor transistor pairs (5:11-13).

Complex Cells. Complex cells are those circuits

that contain a large number of transistors. The same

methodology exists for these types of cells that exists for

simple cells. There is one addition, though, and that is

the ust of guard bands (or channel stops) with shorting
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diodes, or Schottky diodus. The guard bands are necessary

to prevent spurious channel formation of adjacent

transistors in the same substrate area. The shorting

diodes are used to short the guard band to the substrate

area. This is done by forming a 2x6 lambda contact cut

over the guard band-substrate junction (half on one side,

half on the other) and then covering it with metal. This

ensures that the transistors remain isolated. The 1/O pads

in the ntxt section can be classified as complex cells.

I/O Pads

A set of CMOS/BULK pads have been obtained from MOSIS.

Threse pads were designed at M.I.T. for minimum

susceptiblity to latch-up under the current MOSIS

fabrication process. Appendix E shows CIFPLOTS for each

pad that is available.

The pads shown in Appendix E are known as the Group 1

pads. They are the only complete set and the most useful.

They are also the largest. Each one is 300x640 urn, and

since they were laid out with lum equal to 1 lambda, the

tize of each pad is 300x640 lambda. They include input and

output pads, Vdd and GND pads, a tri-state pad, a TTL

output pad, d buffered TTL input pad, and a buffered input

pAd. There is no clock pad included in this group or any

other group. Each pad has two Vdd buses and a single

ground bus.

The very top and very bottom busvs are the Vdd buses.
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Table 111-3. CMOr/BULK gtailAid Pad 1idrlwe

Frame I DscLIt lo

28p46x34 28 pints, 4t00x3400 um
p)ojuct size 3320x2120 um

40p46x68 40 pins, 4600x6800 um
project size 3320x552U urn

40p69x68 40 pins, 6900x6800 um
project size 5620x5520 um

64p69x68 64 pins, 6900x6800 um
project size 5620x5520 umn

64p79x92 64 pins, 7900x9200 um
project size 6620x7920 um

84p79x92 84 pins, 7900x9200 um
project size 6620x7920 um

The boLtom bus (the narrower one) also has a layer of n+

material beneath it and connected to it with contact cuts.

This is the guard band that separates the internal

circuitry from the I/O circuitry. It is only broken where

the connection to the pads must be made by the internal

circuitry and where the GND connection must be made to the

GND pad.

Also included with these pads are standard pad frames

shown in Table 111-3. Each pad frame has a full complement

of standard input pads. To change pads, the designer just

needs to enter the CIF file for the pad frame and replace

3 the call to the input pad with a call to the pad desired.

111-15
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This eliminates any guess work as to thu exact location of

fplUCciliq padS 1Around the P4=f1imeteQr CA the fraffe.

Custom pad frawkfs can be dtesigned by using the desired

pads alternatiny with "padispace" which is a 300urn wide

st Ii p of the threfe bus materials. A custom pad frame is

I]

not. necusbarily reliable because of latch-up

suscepti1bility. The standard pad frames should always be

us.d.

tI
For more information on the other two pad groups

available, the reader should consult the CMOS pads doc

uirtuntation (21)

Cell Library

Currently, no CMOS/BULK cell library exists. A good

cell library contains those cells that are most often used

by designers as building blocks. it should contain logic

jUtue, that are most often used.

Since no cell library exists, one was created. The

logic gates designed by this author are included, as well

acS the 1/O pads, and the standard pad frames. Th library

"csext.cll". it is used the same way as the library for

111-16
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IV. ALU Design

To fully test the CMOS design cycle as explained in

thu previous chapter, a functional circuit incorporating as

mriy components of the cycle as possible was designed and

is outlined in this chapter. This functional circuit is a

4-bit ALIJ.

1Prelimindry Desiqn

In order to be able to make comparisons between this

technology and CMOS/SOS technology, the ALU designed was

the one impleimented by Sommars and is based on the Motorola

MC10181 (5:1V-1). This ALU is only four bits wide and is

capable of performing not only arithmetic operations, but

also logical operations. This is accomplished through

cortibiriational circuitry included before each full adder

circuit. This ALU incorporates look-ahead carry adders to

incrudse the speed of the ALU. Figure IV-l shows the logic

diagram of the ALU, Table IV-I defines the terms of the

ALU, and Table IV-2 shows the ALU functions.

As can be seen in Figure IV-l, the ALU consists of 2-,

3-, and 4-input NAND gates, inverters, transmission gates,

and double buffers. Clocking is accomplished through the

transmission gates; the data arid control signals being

input on phil and data being output on phi2. The double

buffers serve as drivers for sending data to other circuit

elements.

IV-I



I gI

D-

SC

iiyure 1V-1. Oriinal 4-bit ALU Logic Diagram

IV- 2



Table IV-1. Definition of ALU Termis

Term IDefinition

AO - A3 Operand A
B3C - B3 Operand B
SO - S3 Function Selection (see Table lV-2)
SEL when "high" selects logic fcn;

when "low" selects arithmetic fcn
PO - F1 4-bit output
P & G carry look-aed output for

succtCssiVe stdcjes

C.1 carry ini bit
CO cairry out bit

Table 1V-2. ALU Arithmetic and Logic Functions (5:V-14)

Fcn Seluct Logic Fcn Arithmetic Operation
ISEL is HIGH SEL is LOW

S3 S2 S1 SO ICn of LSB must be HIGH

L L 1, L F A' F A- 1
L L L H F =(A + B)' F =A plus (A + B')
L L H L F = A' *B F =A plus (A + B)
L L H If F = logical 0 F =A x 2
1, If L L F = (A - B3) 'F = (A - B) - 1
L H1 L H1 F =B' F =(A-B) plus (A +13')
L If If L F A doB F A plus B
L Hf If Hf F A - B' F =A plus (A B)
11 L L L F A' +B F (A 1:')-
ILL Hf F A 0B F A B -

H L H L F =B F (A B' ) plus (A + B)
*H 1, I If F = A - B F =(A *B') plus A

H H L L, F = logical 1 F =-1 (2's complement)
H H L If F =A + B' F =(A + B') plus 0
Hf Hf 1 L F = A + B F (A + B) plus 0
Hf Hf H H F =A F A plus 0
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Detailed Design

This ALU was dtsigdriu in live slices with the first

four slices eacht containiring one A and B operand bit arid one

output bit, and the firth bit slice containing the control

nits, carry-in bit, and the carry outputs. But because

each slice is not exactly the same concerning number of

cells, each slice had to be designed separately. The

d i f f erunce in e ch slice is due to the corresponding

look-ahead carry circuitry.

There are three main buses in this design, and they

run vertically. The first bus, nearest the input

transmission gates, transmits the input control signals,

SO-S3, to the other four bit slices. These signals go to

combinational circuitry that then control how the input

operands are manipulated. The second bus consists of eight

wires that are staggered in length through the bit slices.

It is used to transmit the carry information to the fifth

bit slice for calculation of the output carry. The third

bu6 is only two wires wide and is used to transmit the SEL

and CI control signals to all the bit slices.

Each bit slice, except for the fifth slice,

manipulates only one bit of the operand. Each has a one

bit input for the A and B operand, and each has one output

for the final product of the manipulation. The fifth bit

slice is the largest, and it contains all the control

inputs. It also has the carry out information outputs, P,

G, and CO.
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Because each cell (gate) was designed to tessellate

vertically, the cells in each bit slice are stacked to

conserve space. Also by careful placement of the cells in

each slice, the power connections can easily be made.

Const.-quently, the Vdd and GND connections run vertically

with the main Vdd bus at the top of the ALU, and the main

GND bus at the bottom of the ALU. The cells were placed to

permit the smallest possible dimensions, although the

vertical dimension could be shortened by about 50 lambda by

moving gates in the first and fifth bit slices and routing

wires in a zigzagging pattern. The overall dimensions of

the ALU are 864x1238 lambda, including the main Vdd and GND

buses. The lower left corner of the ALU is the origin with

coordinates of (0,4) lambda.

Verification

DRC was run on the ALU and the expected errors were

obtained. These errors were "p-well unconnected to ground"

and "contact without poly or diff underneath". These

errors were ignored for the reasons stated in Chapter I1,

payje 111-5. Theru were only one or two minimum width

errors and thee were corrected.

RNL was then used to check the operation of the ALU.

The iesults ot this test are inconclusive. The output from

MEXTRA with the -o option was used in PRESIM, and a ".net"

file describing the ALU was created and used in NETLIST;

tne- output from NETLIST also was used in PRESIM. Both of
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Figure IV-2. Modified ALU Logic Diagram
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Table IV-3. Modified ALU Functions

Fcn Select Logic Fcn Arithmetic Operation
SEL is LOW SEL is HIGH

S3 S2 S1 SO Cn of LSB must be HIGH

H H H H F =A' F A -1
If H I L F = (A + B)' F = A plus (A + B')
H H L H F = A' B F = A plus (A + B)
IfH H L L F = logical 0 F = A x 2
H L H H F = (A. B)' F = (A B) - 1
H L H L F = B' F = (A- B) plus (A + B')
H L L H F= A + B F= A plus B
II L L L F = A • B' F = A plus (A • B)
L H H H F =A' + B F =(A B')- 1
L II H L F= Ae B F =A- B- 1
L H L H F B F = (A -B') plus (A + B)
L H L L F = A * B F = (A • B') plus A
L L H H F = logical 1 F = - 1 (2's complement)

* L L H L F = A + B' F = (A + B') plus 0
L L L H F = A + B F = (A + B) plus 0
L L L L F =A F= A plus 0

the binary files created by PRESIM and subsequently used by

RNL showed the same results. After loading and setting up

RNL, the simulation showed the outputs, FO-F3, to go high

and remain that way. No change in inputs changud the state

of the outputs.

Subsequent analysis of Sommars' logic diagram and

comparison with the original logic diagram for the MC10181

(22:3-196) showed Sommars' design to be in error. In

Sommars' design, a NAND gate was substituted for each NOR

gate of the original design. This is incorrect, since an

* AND gate with inverting inputs or a NAND gate with

inverting inputs and inverting output must be replaced for

each NOR gate. Because of this, the logic diagram and

IV-7
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layout of the ALU was modified. The corrected logic

diagram is shown in Figure IV-2 and the CLL layout is shown

in Appendix G. The modification consisted of moving some

wires and adding 11 inverters as shown by the dotted lines

in Figure IV-2. The ALU functions also had to be modified

and is shown in Table IV-3. This modification consisted of

changing each "high" to "low" and vice versa for the

function select inputs, SO-S3, and reversing the role of

the SEL input so that when it is "low", the logic functions

are selected, and when it is "high", the arithmetic

functions are selected. A hardware implementation of this

(instead of redefining the function inputs) would be to put

an inverter at the inputs of $0-$3 and SEL, then all the

previous functions would be valid.

This ALU implementation was then checked using

PRESIM/RNL. The ".sim" file used by PRESIM was created by

NETLIST using a ".net" file as discussed on page 111-8 of

Chapter III. The binary output file generated by PRESIM

for use by RNL was incorrect. The total number of

transistors in the ".sim" file was not being read

correctly. The problem was found to be in the transmission

gates and the double buffers. For some reason, PRESIM does

not like them. These logic gates were then bypassed, and

the binary output file was generated properly.

Switching analysis of the modified ALU using RNL was

still inconclusive. Although outputs were being generated

for different input combinations of SO-$3 and SEL, most of
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the outputs generated by the ALU did not correspond to the

expected outputs given in Table IV-3. Those outputs that

did correspond were most likely coincidental.
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V. ALU Comparison

This chapter presents a compdrison between the

CMOS/SOS ALU designed by Sommars (5:V-12) and the CMOS/BULK

ALU designed in Chapter IV of this thesis. A physical

comparison of all the logic gates used in the layout of the

ALU and the actual ALU is included. Throughout this

r chapter, references to the CMOS/BULK ALU will be preceded

by the word "bulk", and references to the CMOS/SOS ALU will

be preceded by the word "sos".

Logic Gates

The logic gates that are used in each ALU design

include 2-, 3-, 4-input NAND gates, inverters, transmission

gates, and double buffers. As expected, there is a

difference in the relative sizes of each. Table V-I shows

the relative sizes of each logic gate for both the bulk and

sos versions. Included are the x-length, y-length, area,

and percent area difference for each. The percentage shows

how much more area the bulk logic gate incorporates over

the sos logic gate.

On the average, the bulk logic gates are 39% larger

than those of the sos variety. Although the bulk and sos

logic gates each have the same W:L ratio for each p-channel

and n-channel transistor, respectively, the bulk logic

gates require more silicon area because of the p-well.
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T-L',t. V-[. Rulativu Dimensions for BULK and SOS Logic

G.~ A. t t

Du vI.Q LU- bUL K SoS a r-e A

x y alfUa x y CIL Qd diff

2-i. NAfJD 44 28 1232 34 24 816 33.8

3-in NAND 44 46 2024 34 3b 1224 39.5

4-in NAND 44 6, 2860 34 46 1632 42.9

TX GATE 3U 30 1140 27 14.5 391..5 65.7

INV L;i(T ER} 3 u 2L, 90U 23.5 23 540.5 39.9

DbUF 94 90 8460 97 79.5 7711.5 8.8

notte: (x And y dimerisons ilk limbda; area in square lambda)

-AW 6 n- , -A..

ItL

71

_ _ _ ,t 0

-i <IL4-4 -inut1AN ,,te,

- "I

I I I
VP.L O °M

.e Figuie V-I. 2-i rput NAND Gcite'b

a) BULK b) SOS
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Table V-2. ALU Dimensions for BULK and SOS Versions

BULK ALU SOS ALU % area

x y area x y area diff

864 1238 1,069,682 707.5 803 568,122.5 46.9

note: (x dud y dimensions in lambda; area in square lambda)

The design requirements for the size and placement of the

p-well dictate how large the logic gate will be.

Figure V-i shows how the p-well increases the size of

a bulk logic gate. Both are 2-input NAND gates plotted

with the same scale. The sos NAND gate is much more

compact because its transistors are formed from isolated

islands of silicon on a sapphire substrate. The bulk NAND

gate requires the p-well to form the n-channel

co[ plementary transistor, and it must be large to ensure

isolation.

ALU

Each version of the ALU is comprised of 2-, 3-,

4-input NAND gates, inverters, transmission gates, and

double buffers. Because of this, the size of the ALU is

dependent on these logic gates and any associated

interconnecting wires. As shown in the first section of

this chapter, the bulk logic gates are larger than the sos

logic gates, and, therefore the bulk ALU is larger than the

sos ALU. Table V-2 shows the dimensions of each ALU.
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The larger size of the bulk ALU has nothing to do with

the wiring changes and added inverters that were necessary

to correct the design of the logic of the sos ALU (see

Chapter IV). There was no change in size of the modified

ALU with respect to the original ALU. However, the bulk

ALU can be made smaller in the y-dimension by bringing

devices closer together and routing interconnect wires in

zigzagging patterns. Most of this shrinking can be done in

the first and fifth bit slices for a total of approximately

50 lambda. The x-dimension cannot be made smaller.
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VI. Conclusions and Recommendations

Conclusions

A complete CMOS/BULK design cycle has been implemented

U and fully tested to evaluate its effectiveness as a viable

set of computer-aided design tools for the layout,

verification, arid simulation of CMOS/BULK integrated

]b circuits. This design cycle is good for p-well, n-well, or

twin-well structures, although MOSIS currently supports

just the p-well fabrication process.

II

BANE was shown to be simple to use in the layout of

the CMOS integrated circuits (it can dlso be used to layout

* NMOS integrated circuits) . The CLL constructs that are

employed by BANE make this layout uncomplicated. The added

options of BANE are useful (see Table I.'--). The one

option that does not work is the grid option, -g. The BANE

pipeline misinterprets this option and instead of plotting

a grid over the circuit, it simply darkens the outline of

the circuit. The problem sens to be in the program

"coricat" of the BANE pipeline.

The design rule verification, DRC, is also useful but

is limited because of the nature of the CMOS integrated

circuit structures. It is good for checking minimum widths

and distances, but it cannot be used for checking "p-well

connected to ground" or "n-well connected to Vdd". DRC

tdso produces the errors "diffusion not inside n-well" tra

VI--

I



the p-channel transistors, and "contact without poly or

diff underneath" for all the contacts that are used to

ground the p-well. These errors indicate that DRC would be

most useful for the twin-well CMOS structure.

The simulation of a CMOS integrated circuit is "
- 4

accomplished using NETLIST, PRESIM, and RNL. NETLIST

produces the ".sim" file for use in PRESIM/RNL. MEXTRA

with the -o option cannot be used even when converted with

SIMFILTER because of differences in the fields of the

transistor and node records within the ".sim" file produced

and what PRESIM expects in the fields of each record. RNL

wC1 shown to be highly useful and more versatile to use

than ESIM.

A CMOS/BULK library was developed, and it contains the

integrated circuits that were designed as part of this

thesis. All of the gates simulated correctly except for

the transmission gate and the double buffer. Although

SPICE analysis showed these gates to work properly (see

Appendix D), PRESIM would not correctly process these two

gates for simulation. Any design work should exclude these

two gates when simulating the circuit.

An ALU based on the Motorola MC10181 was designed %

using the logic gates designed in this thesis. Limited '.

success was accomplished in the simulation runs of the

modified ALU presented in Chapter IV. These runs showed

the usefulness of RNL, but the bugs in the ALU have not

been worked out.
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Also included in the library are pads. These pads

were designed at M.I .T. for minimum susceptibility to

latch-up. They include standard input and output pads, a

tri-state pad, and TTL compatible input and output pads. A

problem with these pads occur when including them in a

".cll" tile with the "external" statement. BANE will not

plot the pads, and it gives the error "LAMBDA not gridded".

This error occurs because of the scaling factor within the

CiF code for the pads. Therefore the pads must be included

in the CIF file only for the integrated circuit.

The final CIF file that is sent to fabrication must

have the "C-type" layer names that are recognized by MOSIS

(see Table 111-2). Also the scale factor in the CIF file

can be changed to 75/1 to give the minimum size circuit

(lambda = 1.5um). This scale factor can be left at 125/1

for a 5um minimum feature size circuit implementation.

Recommendations

The following recommendations are made solely to

enhance the CMOS/BOLK design cycle:

1. The grid option, -g, of BANE should be
corrected. This would entail analyzing the
source code of BANE and perhaps discussing the
problem with the program's software engineers.
This could be done as a special study.
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2. The CMOS/BULK ALU should be analyzed, and if
necessary discarded in favor of an ALU that does
not provide as many functions. The logic of the
ALU should be compared to the logic of the
original Motorola design. Any changes can then
be made and the ALU simulated with RNL. This
could also be done as a special study.

3. Procurement of three computer-aided design
programs from Berkeley should be made. They are
designed to complement BANE and to take full
advantage of its capabilities. These programs
are EXTRACT, an extraction program; ESIM, the new
version which is capable of simulating CMOS
circuits; and CIFPLOT, the new version which is
capable of plotting the CMOS integrated circuits
without having to use the -P option.

4. Procurement of an advanced CMOS/BULK library
should be made. Most CMOS design work is done
using library cells that are known to be fully
operational. An advanced CMOS/BULK library
containing complex cells is necessary to design
large systems efficiently.

5. A textbook about the design of CMOS
integrated circuits should be made available to
future VLSI students. A book similar to Mead &
Conway (6) is necessary, but one does not exist.
Selected articles on Domino CMOS and p-well CMOS,
coupled with Chdpter II and III of this thesis
might be adequate until such a book can be found.
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Appendix A. Pathname Changes

Changes to the BANE source code are documented. Most

of these changes were pathiames so thdt proper execution of

the BANE 'Dipeline could be accomplished. Also presented

aIC the steps to reinstall the "lock" procedure for BANE.

All the changes were done to the source code that exists

under thu directories /usr/local/cad/lib/stdnford/src/DRC83

dnd /usr/iocal/cad/lib/stanford/src/PIPELINE83/SRC.

1. For all source files :
/usr/local/include -- > /usr/local/cad/lib/bane
/usr/locdl/lib -- > /usr/local/cad/lib/bane
/usr/local/lib/drc -- > /usr/local/cad/lib/bane/drc
/scr/DISTRIBUTIONS/DIST83/LIB -- >

/usr/local/cad/lib/bane

2. For spathnames.h
- pathnames for TPLOT, APLOT, and EAPLOT removed
- /scr/DISTRIBUTIONS/DIST83 -- >

/usr/local/cad/stanford/src/PIPELINE83/SRC

3. For bane.c
- pipeline modified to reflect removal of APLOT

and TPLOT

4. To reinstall the lock procedure
a) Go to the directory

/usr/local/cad/stanford/src/PIPELINE83/SRC/BANE
b) Edit Makefile

- add lock.c to the command line that creates bane,
line #56

c) Edit bdne.c
- remove the comment tokens from the declaration

for lock, line #221
- remove the comment tokens from the call to

lock.c, line #276
- remove the clean up call for lock.c,

line #661
d) Run "make bane"
e) Move "bane" to /usr/locil/cdd/bin

A-1

S= . .- . . . . . .. . ... . .... .. .¢ ¢ . ./ . -. . . . . . . . . .. . . . ... .. . . .< . . . .- . / .



r - 7r -' - * - - -

Appendix B. CMOS/BULK Design Cycle

The complete CMOS/BULK design cycle is presented.

Figure B-I shows the cycle.

In Figure B-i, the designer must supply the files

".cll" which is the layout of the circuit used by BANE, and

".net" which describes the network of the circuit for use

in NETLIST. All the other files are created by the

programs shown in the boxes.

Before using MEXTRA, the designer must edit the ".cif"

tile. The "/" in the scale number (ie, "DS 1000 125/1;")

within the file must be deleted and a space inserted, and

the layer names must be changed to those recognized by

0 MOSIS, see Table 111-2. The file ".cadrc" with the entry

"tech cmos-pw" must also be added to the home directory.

The ".sim" file produced by MEXTRA cannot be used for the

event level simulator, RNL, because the binary file

produced by PRESIM for use by RNL cannot be guarenteed to

be correct (see the section titled "Extraction and

5inulation" in Chapter III of this thesis). NETLIST should

be used to create the ".sim" file for PRESIM.

Wheln usin CIFPLOT, the option -P must be used with

the file upat. This file contains the description of the

stipple patterns needed by CIFPLOT.
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The following are pathnames to the necessary programs.

The designer should create aliases for them in the .cshrc

file in the home directory, or simply add the paths to the

PATH line in the .login file.

bane ->/usr/local/cad/bin/bane

cifplot -- >/usr/local/cad/bin/cifplot

mextra ->/usr/local/cad/bin/mextra

netlist ->/usr/local/cad/uw/bin/netlist

nrc -- /usr/local/cad/li/bin/rc/r fle

spice ->/usr/local/cad/bin/spice

RNL requires two files to be loaded prior to executing

a simulation run. These are loaded after invoking RNL by

typing "(load "f ile") ",where "file"1 is one of the

following:

/usr/local/cad/uw/lib/rnl/uwstd. 1

-- /usr/local/cad/uw/lib/rnl/uwsim.1

To use the CMOS/BULK cell library, the term

#include "/usir/local/cad/lib/bane/c-ext.cll"

must be the first term in the I".cll" file. Also, the BANE

option "-I" must be used in conjunction with "c" in the

BANE command line; ie, "bane -v cmos -1 c.

To produce the CIF file that is sent for fabrication,

tile option "-F" must be used; ie,

"bane -v cmos -F file.cll".
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I
Appendix C. CMOS/bULK 3um Design Rules

Presented are the debign rules developed for CMOS/BULK

circuit layout. These rules conform to the MOSIS standard

3um p-well process, (L = lambda).

minimum poly width 2L
poly-poly separation 2L
poly gate extension over active area 2L

minimum metal width 3L (.7uA/um)
metal-metal separation 3L

active area minimum opening 3L
active area separation 3L
poly-diff (active area) separation 2L

minimum contact size 2Lx2L
maximum contact size 2Lx6L
contact-contact separation 2L

Pwell minimum width 5L
Pwell-Pwell separation, same potential 6L

different potential 1OL

p+ active area to Pwell edge 6L
p+ mask overlap of Pwell 3L
p+ active area to n+ active area

separation inside or outside Pwell 3L

n+ active area in Pwell to Pwell edge 3L
n+ active area in n-sub to Pwell edge 5L

diffusion (active area) cannot cross well boundary

scale in "final.cif" can be no smaller than 75/1
so that L = 1.5um

C-1
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Appendix D. Description and SPICE Outputs

of CMOS/BULK Cells

Presented are the schematics, CLL plots and SPICE

outputs for thu transimission gate (TXGATE), 2-, 3-, and

4-input NAND gates (NAND2, NAND3, NAND4, respectively),

2-input NOR gate (NOR2) , inverter (INV), and the double

buffer (DBUF). These cells were designed to allow for

vertical tessellation. They are also cross referenced by

CIF ID number for the CMOS/BULK cell library, "libc.lib".

The ratios next to each transistor in the schematic

correspond to its width length ratio. All units are in

lambda (L).

The SPICE outputs for the NAND gates correspond to

different input conditions. These conditions are marked on

each respective SPICE output. 4

The numbers that are included on both the schematic

and the CLL plot are the internal SPICE node numbers. The

location of each number on the schematic corresponds to the

same location on the CLL plot. This provides clarification

of electrical continuity in the CLL plot.
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4L s2L

a)64 OU

2L 2L

g(7,30) GND (19030) (37,30)

-OUT (38,20)

b) 'U _I-7i size:

~LJ. 38L x 30L
- 7

CIF ID 20

(005)

Figure D-1. Transmission Gate

a) schematic b) CLL plot
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I*tld!25/84 "'i**t* SP'ICE 26.1 df-k-CI ,*,,1W5:.d.w

dttt* INPUT LIST1N6 TEMPEk.n1Ukc 27.io DIEG C

.UF'TI MrS ITLI=5dd ITLAB

.MUIL MO-1iUSHS (Vf1u-v IOz7'-%' Uur-3ud iiU=25E15 Lfv=d.?L1
*LEVEL-I

til 6 5 4 0 riUS L=5.dU =5.AU
M12 6 ? 4 1 P1i6S L:5.WU W=L.dau
L , Jo ddA2PF

C4 4 0 i.065PF
VINd 6 0 DC 5Vinu hg
VP 5 v PULSjE W~ 5V INS IN Inpu 5NSh
VFB 7 d PULSE (5V WV INS INS INS 5aS)
w-i,44 0.514S EWNS UIC
.&OT TiW4 V(5) VM4 WV, W)
END

II,,*,*,B7/25/84 **tt*t** SPICE 26.1 (150CT66) ,.tIB ?:W ,.

i CsiDS,'BULK( TRANSM1ISSIONi GATE TWSENT ANLYSIS

da*** L&SFET t1&&EL PARHM~ETERS TEtIPERATIbiE 27.oid DEG C

uhP ffos f'lus

iLEVEL IdtWo IldWU
IT .04i -lUWW

UP 2.3U0-05 I.38d-05
B-w .396 d.626

OPH1 w.576 0.624
vCJ I.d2d-64 1.6Id-b4

wix 7.50d-08 75d8
IMU4b1.ds5 2.56d#15

WLLI 7.8od-d? 7.dod-07
isUU 580.Wio 3a.ded

'W4**i,**~~ SPICE 26.1 (15066b) t~**I5~Utt

d CtMUS/bULK TR.~iISSIU4 CGATE TRwcSiENT t~t,40S]S

U,* TRANSENT k*;L(SIS TEMPERA1iUkE = 2?,Wio DEG C
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~:V(5)
t~V(4)

T itiE V(5)

M~t ------- 0. otio I.25i d Z.5iodtUU 3.75CO$U t.jUotU

d. dsUU U d*U

t. 2-~ .5UUosUU

4.obsd-US' 5.8widfii . .

4-560~d-09 5.ebidtad x

5.dodd-d9 5.MU d'bi ... x

o.UUW-BY 5.sds....x
6.Ldd~5UU$U
7.4Usd-IS' 5.oWdtsU . ..

'.544-US 2.Ssddis ..

d.544d-s9 0. 060U 1
* -~ V.duua-o9 V. dibe*.

9.5Sdd-U9 0. OdtS

I.UUdd-08 i. AoUI
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1,a~a~87/2/B4 "t,,,t SPICE ";&.I (IJOCTbdJ ti,,II3:c,

J CMOS/BULK I "t 1SSIIN GATE ThkAINSI 4imLYSIS

fl dtta INP~UT LISTING TEtiPEkATURE = 27.8u DEG C

,WIDTH OUT=bo
IC V(4)=5

OPTEL IbrS FIIISi (VTL=I Td-i ' O8 SU-E5L=.11

.MUbEL N 1OS PriOS (VTu-1V TOA?5NM Uu=3@i NS'uB=2EI L8.7)
*LEV4L~l:

MI2 6 5 4 8 t~iOS L=5.iU iE=5.b
M12 o 2741 P1105 Lz=5.dU WI8.8U
C3 o 8 8.072PF
£4 4 i 6.065PF
VIN) 6 8 DC #V input low
VP 580 PULSE (0V 5V INS INS INS 5NS)
VP8 7 8 PULSE (5V WV INS INS INS 5NS)
JTRi 0.5NS IONS UIC
APOT TfW44 V(5) V(4) (6V,50)

I4*,***87/25/84 ******** SPICE 2G.1 (15OCT80) ***.tII:32:26*i

8 £tiuS/BULK TRW4SMISS1ON GHTLE IRiiNS1ENT RiLYSIS

dl*** MOSFET MODEL PARAM1ETERS TEMIPERATIURE 27.08i DEG C

r~iS PTIS
oT(PE NMOS P1105
OLEVEL 1.86i I.mi
6VTO 1.88 -1.8ii

8rP 2.3wO-85 1.38d-i5
8.iq 0396 i.626

&H~I i.576 0.624
iCJ I.d2d-i4 1.61d-i4
8TOX 7.cSwd-88 7.5d-88
d ~ 1.6dd,115 2.50d15
OLD 7.66d-07 7.08d-07
8UO 588.88 388.888
I*,**87/25/84 *it SPICE 20.1 (15OCT88) *****I1:32:26f****

8 CMOS/BULK TRANSM1ISSION GATE TR,44S1i ANLYSIS

uo*** ITu4iSIENT 4i0~SIS TEMPERA~TURE 27.888 DEG C

1)-5

L



l: V(b)
+: V4)

T iNE V(5)

------- 0. 00 1.21diod~ 2.5bdd~di 3.75io+60 Mi~dd

Jmu i. Au.

2.ddio-69 2.AdW s8u

2.'dda-d9 5.wds * .. **

3.oidd-i9 5.MU d *.**

r ~~~~3.5ida-P95*w~
4.ud-d9 5.idsi 14 .. t

4.5dj-v9 5.W8Bds +

5. Jjd-w9 5.jbdlbd 4

5.500-89 .dd6*.

~.~-95.M~d486 +

7.5*dd-09 2.5ii~l 4 . ___________

d.boba-09 -3.1@9d-15 X
8.5iwd-@9 6. d4fb
Y.ddod-W9 0. d488X
9.5WB-09 0. d41bi X

- .MBd-iB ii. dtd X .
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VDD

P 12L 2L

a) IN 4 OUT

nl 6L 2L

Vdd (.25)GND (34,25)

D OUT (36,23)

L ________size:

11 K 36L x25L
IN CIF ID 21

(0.3)

Figure D-2. Inverter

a) schematic b) CaL plot
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dt"" bunri1 LJ 1111 1EWERAdut 2;.titi DEG C

.uPTh?14 ITL1~uIz 1T5.=

+LEvEL=1
.i AJEL PTiOS FTiUS tVTC--IV T0X=?5fli u~r-id NSu&E-2.5El5 E.71

Vb1 0DC 5
MI 5 40 0 NMIOS L=5.iU W-I5.dU
ml, 1 4 5 1 FIIOS L=5.OU WI*=3d.iU
COUT 5B 0 .IPF
VINI 4 B PULSE (SkV bV INS iNS 8NS 2NS)
.TW4 d.2NS 5NS
.PLOT TRAN Q(4) V(5) (iVQ,5V)
END

]i,*,,,b/il84 ~*'**tSPICE 26G.1 (15OCT86) *,t,,,**:23:4?,***

6 Ct1OS,'ULK IWERTER TRANiSIENT ANALYSIS

* b MUSFET MODEL AAI ETERS TEMPERATURE = 27.0iv DEG C

NIUS FTluS

OLEVEL I.dd l.oia

DKP ,.3dd-15 1 .36 a- J5
d tl A 0.396 0.626

ONh 0.576 0.24
bCJ 1.0i20d4 1,610-04

UNSUB 1.00di)5 2.5dd$I5
OLD) 7.Otid-67 7.000-07
OUG 500.0ide 380.iii
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6 Ct1OS/bULiK INVERTER TkkibIEfN i~iiLiSIS

6***1* INITIAL TR1N',S)EtiT S.OLUTIONt TEiiPERA1URE 2?o~ DEG3 C

NODE VOLTA6E NODE VOLTAGE NODE VOLTAGE

(1) J.006 4) 5.om 5) 88id

VULThbE S6UkRCE CUI~kjiTS

W~E CURfRE1

YDD -6.933d-12

yIN] i. dtdd

TOTA~L POW4ER DISSIPATION 3.47d-11 W~ATTS

I1***d/I0/84 SPICE 26.1 (150CT8i) *'****tdl:23:47**,

Ct1QS 'ULK INERTER T&-iSIENT ANA~LYSIS

it~*tt QUERATNcG FOINI INNFTIOK IEMiPERA1URE = 2730 D~EG C

ott# MOSFETS

FMml M2
uM&OEL Mios prias
ID 6.93d-12 8. deds
VGS 5.80i 5.Bt08
yOS 6.iob 5.8
vBS 8. 5.88
Ij**tt**d8/1&/84 ******* SPICE 2G.1 (15OCT68) **tI:34*i

d CI1OS/BULK INVJERTER UMiSIENT MALYSIS

jtt* lf~p6SIENT 4#bALYSIS TEM1PERA~TURE 27.avi DEG C

D-9



t: A4j)FI liIME Yk4,

4.~-8 5.diijasow 4

6.6Uda-18 5.8ds 8 *. .

l.4tdd-V6 8. dt~d -----------

1,cowva-69 0. dtdb i

wao 8. d488* o

* 2.2~~~~dd-* i . d8

3.1"W-0Y 8 dJW .

3.~*dd-8 5Aou8dtoo +
-.d~d -.8d8 - - - - -

4,2d~~d89 5.,4 10



1. ~ 4L 2L

4 OUT
a)1 An 6L :2L

6

fl6L : 2L

Vdd (2,28) GNo (4t,28)

0 ~ ~.LOUT (44,26)

(0,18) L

Ab)~7 44L x28L
(0 ?, 1 CIF ID 22

Figure D-3. 2-Input HAND) Gate

a) schematic b) CaL plot
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d L~1Ui//LiL 2-iti rt-~L) Ta iiS41 riiL(SIS

u.*tt Ii4Puf LISb}N6 TErVERATUE = Z?.uis DEG C

.OPTIfiS VILI=Sno IILS=W

.MG&LEL iMa1S WjiS (VTO=IV 10A=7trii Jdr-5i 16SU-=1E15 Lf5k6.7L4iJ
1LEVEL=I
.iUAEL MtOS P111i (VTL=-IV TO.&=7Stt UCO3ti NSu 2.5E15 D.L)
'LEVELI
Vbf, I i DC 5AJ
NJ1 154 1 P1105 L=5.iU ;=hI.U
112 6 5 i 0 MO10 L=5.OU tr=IM.U
113 4 7 6 d rMOS L=5.AU 6--15A8
M4 1 7 41 PrIOS L:5.OU LOI8.OU
LOWT 4 0 8.2PF

,rvIN 780 PULSE (5V 8V INS ONS 614S IMrS) A & B pulse high-low-high
VIN2 5 0 PULSE (W~ OV INS ONS iNS IONS)
,.W;N INS 8iS
APUT 1Ra4 V(7) YA) (dV,5V)
END

I~~*~~/u/4 t~~ SPICE 26.1 (1500T6d) -t,- -------- A**

d iIOS,'BULK 2-IN WiND TW46IENT t~rLYSIS

dt**t M0SFET MGDEL PkRETERS TEiiPEIATURE 27.w8v DEG C

1410 FTOS
OT 110S Ptios

OLLEJEL 1,066 I.M8

O 2.3id-05 1,38d-i5
i .396 0.626

OPdI 0.576 0.624
ocJ 1.620-U4 1.61d-04
OTOX 7.5ud-uB Mi5d-08
8NSUB 1.660.15 2.56d415
dLD ?.Odd-87 MWO-a
Buo 5jWvuu 388.88

SJ



I"""'6/1v/4 tt*i'ttSPICE 26.1 %'1500T6i 4,**):2:6,

d CMO1S6UL 21IN r~w T~k4IEJJ iiiALYSIS

Ott** lif]11mL TF~rSiEt SOLUTILI4 1EjiiRATukE 27.idk uEG C

NUL kL'LTiiUE riubE VULTI.WE N~ODE VOLTAHI NOiDE VULTAVIE

vIA) -1.387d-11

0V1ti2 v. dtdi

7[mL P~uEN D1SSiPATIGH 6.93d-11 WATTS

1--t-06&/16'84 **tt4 SPICE 26.1 (IJOCT80 t't*a'uI:12:I8taa'"

* U (21S/ UL( 2-IN riDi IRkSi16fT AtLYS]S

Ott* OPERATING6 PGINT INFOMTIU4 TEMIPEiRATURE 27.00d DEG C

it ml M2 M3 114
iMI6bEL filS ttioUS tlos P110
ID i. ad .~ 1.39d-Il 0. didi
V6S J.idd 5,4id .wi ').it

Ii'**~/1t/84****"4 PICE 2G.1 (150080~) ,*.d12I64*

I, CtIOIBULK 2-IN 44iD TR44SIENT AlwLfS1S

of**'* TiSIEWNI ~iLISIS TEMPERATURE = 27.O~g DEG C
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~:V(4)

T M E

- -. -~$ - .5~s -. B~u -. ~~~ - ---- --- ----

O. 'bi 5*ddafo 4

L0.u-B 5. didi

7.bidd-i9 0. d+66 ~ ..

8.6idd-09 B. did *.

9.MUd-i9 0. diii*.
7.iuid-88 B. d4ibB

9.366d-iB W 'B
.460d-08 5.0W406*.

.i. oa-i8 5. mva * ..

I.obia-68 B. sBB* ..

0 I.Md-B 5.dta. .

1.8idd-i8 5BO&D4B O

1.YBBO-i8 5.iiidf.bB 4 .. *

2Bd- 5.6Bid4iW *.
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U CJ010SI8ULK 2-IfN r,-" T~ji6IEt{I k*;LYIS

'*' IIAPT LISTIN6 TEMPBEATURE 27.iio DEG C

OPTELIOS rITISo WTL5VIA=- I u--dSU-ES ).1

.MODEL fiOS riCOS (VTO-IV TO=7tti U-jb6U NSU-2.SEI LD.7L)
*LEVEL=I

MI 1 5 41 PtIOS Lz5.dU w1odU

M14 1 7 4 1 PIIOS L=5.@U W--18.OU
COUI 4 8 8.2PF
VINI 7 0 PULSE (5V 8V INS MS MNS I ONS) A pulses hibh-low-high
VIN2 5 8 DC 5V B remains hig!,h
JW INS 26NS
.PLOT T" V(?) V(4) (0V,50)
.END

1it****t*68/ld/84 ***A SPICE 26.1 (15O0T8i) t*4I1:I..

d £11OS/BULK 2-IN tii T iSIEiT eviiLiSIS

Ui*** MOSFET MODEL FAMAETERS TEMPERATURE = 27.0i8 DEG C

aTYE NIOS PMOS

6LEVEL Mao8 1.00i
bvTo 1.888 -1.8b8

OP 2.36d-05 i.38d-05
86AMM 8.396 8.626
UPHI 8.576 0.624
iCJ I.i2d-04 1.6ld-04
oIOX 7.50d-88 7.5id-06
dNSUb 1.88d+15 2.5idtIS
dLD 7.08d-97 7.0id-87
noJ 511.oii 300.A08
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u CMOS/BULK 2-IN r"0D TkkIN4T RV10SIS

dt*** iITIAL T"NASIElif SOLUT1Ia4 TEMIPERATURE 27.d OEG C

N6DE VULTAi3E NiODE VOLTAIUE NODE VOLTAGE tiODE VOLTA6E

(7) 5.000i

VOLTk6E SOURCE CURRE14TS

Iif1 CURREN4T

YU -1.387d-11

VIN) c. dsdW

TOTAL POWER DISSIPATILI4 6.93o-II WATTS

1*,t,*~61~/8 **''*" SPICE 2G.1 (I5OLTb6)

d hOS/BULK 2-IN "~D IRiSINT MLY$IS

a**ti OPERATING POINT INF&VATI4 TEMPERATURE = 27.808 DEG C

ott** MOSFETS

MI ml 2 13 114
uIODEL R16S Itiiis ribS FDS
10 8. d+00 1.39J-1I 1.39d-11 8. d+BO

5.8601 5.ud 5.i 5.8H8
Q 5.808i 0.040 0.000 5.08

V~S5. ~ 8. -O.iwi 5.68o
I,~t.*iv/~/8 *...~e SPICE 2G.1 (15GCT88) t~u8:l2~.

0 L1IUS/6ULK 2-IN iiiD TkRiSIErT AtULSIS

i*t"' TkfiSlfENT ,LYSIS TEMPERATURE 27.bei DEG C
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dLE6END:

M:Ye)
t:V(4)

111 E V(7)

--------- a. 0 1.6de 2.5oddswU 3.750dww 5.3Uidill

'ddd-6 o d. d

dodoQ-~ t. olio ..

9.i~ia-u9 0. dfie f

I.jUid-U8 0. ds *..

1.liod-U8 8. deoL, *

I .2dd-ai8 8. AbU

1.'iddd-68 5.8~dsw .$ I

1.48601~8 5.0ii~dSUB .

1.5iid-08 5.UUd$U .$*

2.88ud-o8 5AOidisi .

- -. - - - - - - -- - - -~ -2 - - - - 2.-.-t- C- - .-



a) P1 4L :2L

rN 12L 2L

Vdd. (2,46) GND (41,46)

__________. . OUT (44,43)

(0,31)

b) size:___44L x46L
B - 7-__

(0919) CI ID~ 23__

Figure D-4. 3-Input NA14D Gate

a) schematic b) CaL Plot
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I,,~a88/~/~ t'*t*" SPICE 26J1 05OCTh8) '*.B:9I~i

i CMQOS/BULK 3-IN WiD TR4SENT giLYSIS

itit INPUT LISTIN6 TEMPERAdTURE 27.6.i DE6 C

Mr1bEL NMOS NMOS VTO-V TOA:75et U@3~S NSui=2E15 LDBU.11

.MODEL Ribus rPiS (VTO3-IV T0X=7W UO=-36i NSU&-I-E5 LDi.7I)

La M6 1 9 4 1 FTIOS L=5.VU W-IB8U

COUT 4 d O.2PF
VINI 9 8 PULSE (5V OV Iri NS NS I jN) A, B, C pulse high-low-hig,,,h
VIN2 7 i PULSE (5V OV INS OrNS iNS I MS)
VWN3 5 i PULSE (5V 8V INS oNS ONS IONS)
.Tkui INS 26NS
APOT Tf,4 V(9) V(4) M~,S)

1*tt**e~,'8/8 i~~** SPICE 2G.1 (150CT68) ~,s:9Ii~

6CliOS/BULK 3-IN NriD TRiSIENT kiLYSIS

d**** rOSFET MODEL PARFlERS TEM PERA~TURE 27.088 DEG C

N#1OS PrIOS
dU1PE ibOs FPGS

dVTO 1.060 -1.8
dKP 2.~a-~S 1.38d-05

8.396 2
UPHI 1.576 8.624

Oc .2d-84 1.6id-64
uTOX 7.5id-88 7.50d-06
oNSUB 1.wHdiI5 2.586.15
OLD 7.iwd-07 MiBd-w7
6UO 500.8i M8.Oii
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1**,***d/18/4 tt*tt~ SPICE 26.1 (ItjL'Clh8) ,taW1jyI*t*

d QI&HS/BULK 3-IN 1",b Tr.4IrWSk* ;0LY1S

lifl]TI-L TI-416JT SkTI4 TEPETLIE 2?.660t DEG C

NUDE VOLTA6E fiu~E vuLTHGE NE VOLTAG3E NMO VOLTMGE

vtbLTAGE SOURCE CURREWiS

t*KE CURRENT

VINI J. didd

V1N2 i. Atd

YIN3 8. diu

TbTriL POWJER DISSIPATIO14 I.84d-li WATTS

it,,,~/I~'a4 "*t~t SPICE 26.1 (150CT80) i**8:9Iit

0 CriuSAbUL( 3-IN faiD TRtiSIENT AriLYSIS

61*** OPERATING POINT INF6riTIO TEMERA~TURE = 27.88 DEG C

t *ttlMGFETS

8M) M2 M3 M4 M5 M16
dr1QDEL FfiOS halOS PmoS Im1s mtos PrtOS
JD i. di -2.bbd-li i. dtdi -2.fld-ll -2,i8d-I1 8. d
VS5M8d Moo~ 5.due 5.0d 5.006 5.0w8
VS5.006 -1.060 5.600 -6.66i -0.0H8 5.88

vus 5A~8 -6.8wi 5.88 -i.888 -8.w8 Modw
],*m8**o/I8/84 '"t* SPICE 2G.1 (15OCTS0 t**8!~:5,*

8 CMiS/BuLK 3-Iti ("if TkiSIENT i~iLYSIS

.. * TW4ENT riiYI TEMPERATURE 27Aud DEG C
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.V9)

TIME Vi9)

AA4 -------- J~~Th I ,ljid4 2. 5d d ~ 3.7jodlij 5.ddt di

d . Odd 5.dddstid I

2.d8W-dY d. dtdi*

3.iudd-*Y i. d,~88~.
U. addaO*6. .t*

6.UUU-09 0. dibi t * .4

6Adda-6 B. 0*00 t .*

.Oddd-09 0. dibi 1 . 4

I.dd-i 0. diii 4

I.Obid-d8 8 50dW*, .

1.90id-dB 5.UWdt8 4

I.dbdd-iB J.00W OOs 4
- - - - - - - - - - -
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1*2**,ttv/1Ib/84 *****it* SPICE 2G.1 0150080) *****t4*1:b9:'47t~tj

dtt INPFUT LISTING4 TLtiPE6TURE = 27.mu DEG C

W~IDTH GUTbd

*MOEL rfOS tN1OS (VTG=IV TGX=75i4i UO=5jdt NS.,&B-iE15 LDW.71z)
stLEjEL=1
.MGLJEL PMitS RIOS~ (VI~z-V~ TOA=751 UU-3od NSUB=2.5EI5 LD=8.7J1)
#LEVEL=1

VDD I i DC 5vJ

M12 6 5 4 o IfIUS L=5.dt WzAAU

M3 1 741 PliuS L=5.OU Wz16.8U
M4 87 6 d 1410S L=5.8U W-30.8U
MS 0 6 8 N !MOS L=5.AU W=3'8.8U

M161 9 4 1 PiIOS L=5.BU W=1JVAU
COUT 4 0 0.2PF
ViN] 9 0 PULSE 5jV 6V' INiS 615 u1S 16) A & C pulse hijgh-low-high
V]112 7 8 DC 5k' B remains high
Q 114a 5 0 PULSE (Wk 0k INS 6115 UNS WNrS)
JRi~ 116 26
AOLU TRt41 V(9) V(4) (dV,5V)

Ittf**o8/1@/84 ****i* SPICE 2G.1 (IJOCT8U) *t**6:94tt

i Ct16S/SULK 3-IN WiD TRoiSIENT riiLYSIS

ut*t* MOSFET MODEL PA6METERS TEMiPERATURE = 27A66 DEG C

rNiDS MrOS

6T~iE NNUlS PMDS
ULC.VEL 1.68 1.b88

W2.3Ad-05 1.36a-85
d~v-4 8.396 0.626

ONM 6.576 8.624
ucj I.i2d-04 l.6ld-04
8T6,( 7.5d-68 7.56d-68

UNLUO 1.W4dtI 2.5idiI5
81.0 7.6d-07 7.88d-0?
800 58Bewn8 6.08



1'*t*'t"bb/1A,84 li**" SPICE 26.1 d(I~lu) ,,t*t*,i;:9:47?*tt*

9 CM0iS/6ULK 3-IN NAND TRANS1EMi ii*40LSIS

Ott** IIIIAL TRANSIENT SOLU1]LrN TEI1PE6i1URE 22Ji D EG C

fL'.E VO'LTAGE uO&fE VuLTh6&E NODE VOLTAGE tiuuE AvULTkG~E

VOLIAGE SOuRCE CURRETIS

t*41E CURRENTd

VINI o. a'

Vlt12 0. diuo

VINi3 i. ofou

TOIAL PiMER DISSIPATION~ 1.84d-li WATTS

*iflittb/1i/64 ***** SPICE 26.1 (15OCT8i)

dCtlOS/BULK 3a-IN WitD TRIiS1ENT PiNLYSIS

jt*t* OPERATIN4G POIN~T INFORMATION TEM1PERA~TURE 2 o DEG C

dtt** MidSFETS

UMI M12 M3 M4 MS M6
diiODEL PlIOS rtios P1105 rflS NMOS Pt'OS

k5.d im 5u8 JA 5.8di 5,6 5.Mw
VDS 5.u88 -i.jda J.d -o~bB -0.00w 5.00i
'Ab 5.0 -_JM8 J.066 -d.~bd _bW8 5A06~

I~tt,,t~/iU,84 *tm* SPICE 2G.1 (150CTGO) t,,Id:7*1

u 1Clil~6bLK 3-IN r*44 TW%.-IEiT kiALYSiS

Ut** IW61SEN1 IPiL't~I TEriFEfRjlURE &2?.ous DEG C

D -23
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- ----- ---- - -. -~u -.S dU -.u du -.5U 4 -. d
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dd i. didu -

6.UtjUO-d9 t0. djtd f

7.dUo- 9 0. dto * ..

~ w. dtdo * *
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d L OS/bULX 3-111 Wi4D ThiSIENT ii*;LYS1S

dtt f vUT LISTIIG TMPERATUJRE = 27.obb DEG C

UPTIMS6 ITL1=Svd ITL5-0

.MU li mO MS (VTO-IV TO;X=75tt UBO-3di NSU67-2.5E15 LIDU.71J1)

vD)~ I d DSQ5

M111 15 41 PTIOS Lz5.BU W-10-dU
M,~ 6 5 4 0 1tIOS Lz5U U-38.Wt
t13 1 74 1 PI'OS L=5.BU W=-1@.8U
M 14 8 7 6 6 MVOS L=M.U tki-B.BU
Mci 9 8 8 11105 L=5.BIJ W=-38.BU
M16 1 9 4 1 PMiOS L=5.IU W-=BIU -

COUT 4 d 0.2PF
VINI 9 0 PULSE (5V dV INS aNS MNS IONS) A pul.ses high-low-high
V.115?BjDC 5V B &C remain hig-h
')iN3 5 d DC 5V

PFLOT TRA1I V(9) V(4) WB,94)

01If*t**48//84 t'i** SPICE 2G.1 (150CT80) ****..a*i:16:23*****

d CIIQS/BULK 3-IN WiD T61EN1 "LYSIS

0**** NmJ3FET MIODEL PARAMETERS TEMPEFTURE 27.60d DEG C

itiljS P1105
u TiPE IDS Rtios
O LEvEL I.6BB 1.06i
KD1.811 -I1,08

0~P 2.30d-05 1.38d-65
B~si~i 1.396 6.626

BPI .5C 8.o24
OCJ 1.V2d-o4 1.6)d-04
OTOX 2.5va-08 7.50d-08
utisL,8 I.id+15 2.50d+15
iLD 7.00d-87 M.Bd-07

D-25



1"'t'"W,8/B/84 Aitilt* SPICE 2G.1 (15608i) ~~1l :~,~

d CIIOS/6ULi 3-IN f"Qi TRi.4SIENW 4v4LSIS

it*** 11N1IkL TRSIi~liT SluLulI TEtItiiA1uRE 27.0oi DEG C

N6fE VPULTAGE NODE VULIIuE I&E~ V-LA6 ii LZ)E VO6L16E

1) 5.dbd 4) i.o~di 5) 5. ooo 6) i.600

7) 5.6MB 8) b.ddB 9) 5.60do

VOULTAGE "uUCE CURR~ENTS

WE CURR EPIT

VDD -2.wb~d-11

ViNI 6. d486

VIri3 0. d#00

TOTAtL PIMEk DISSIPATION l.d4d-Id WATTS

I*,,i,~6Iw/4 ***"" SPICE 26.1 (15OCT6W) *,aB:B2,

6 W~OSA'ULK 3-IN MiD TRMSIENT ALNCSIS

0** OPERATING P01INT INFOk-lTIOt 1EMERTUE = 27.6iN DEG C

it*** IIOSFETS

Mil M2 M3 t14 M5 ?16
B0iOEL Pr'ios Nios PRios mios MOS FYIOS
ID d. dtoJ -2.88d-11 B. d.bi -2.08d-11 -2.88d-11 B. d48i

5u .bib ciod 5.dia 5.6id Mio~ ModB
VbS M.Wo -i.iwB SAOB -w.iod -0.406 5.09
VBS 5.MB -i.008 5.00B -@.MB -8.oii 5.inS
lttt**u6'M'u4 of*****. SPICE 26.1 (15OCT66) ,*,II:3i*

6 CM1OSA'uLK 3-IN frib TkA14SIENT AMLYSIS

dt~ TkRlSIENT 44LISIS TEMPRfATURE 22.buo DEG C

D-26



OLEGE4D:

':V(9)

1111E V(9)

------- j. didi 1.25dsio 2.5ovd~ii 3.7Naiii 5.BWd4B

2.doid-09 0. A48

3.u ddWO 6. d
5.ddd9 i. diou
5o6d 0. diol*aa

7.idba-09 I. a aa

SAW-0d9 0. dtib t .

9.000d-89 Ba dfii
I AW-0dB 0. diOSi f

1.IMd-8 5.ba dtdd .

1.46id-68 5.8odtii*.

1A~6dW08 Midd

1.9bid-08 5MO1$ dO~

2M WO6B 5.8Obd46Ba/ aa

D-107
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1,**,ii~/1w/4 '"it" SPICE 26.1 (156CTai)*,tuI1:2**

d LIIUS/BULK 4-11N Wil TRANSIENT t~iLYSIS

IN'tPUTf LISTIiF3 TEMP~ERATURE = 27.dou DEG C

.WIDTH OUIhui

.OPTION~S ITLI=5ai ITL5-4
AMI~,L N'IOS rIIOS ('TP1V 10=2r~ 7Se1 u5o NSU&B=1EI5 LDw.7i1)
*LEViL I
.IGLEL ftiOS FYIDS (VTLI=-IV TOX=75R1 UU--3ib NSUB=2.5E]5 0D-.74f1)

+LEVEL-4
VO 10a DC 5v
MI 1 5 4 1 PTIOS L:5.WU W16.6AU
M12 6 5 46 0 OS L=5.00U -J3?.5U
M38 7 6 1 NhUS L=5.@U 6L=37.5U
M14 1 7 41 PTIOS L=5.OU W=J6AU
M5 1 9 4 1 PrIOS L=5.@U W18.6U
Mo 10 9 8 8 rhiOS L=5.BU W=3?.5U
M171114 1 PtIOS L=5.8U W=18.wU
118 1 1116 A IIiS L=5.U W=37.5U
LOUT 4 0 0.2PF
VINI 1161 PULSE (5V BV INS ONS INS IbNS) A-D pulse high-1ow-hi4;h
V1N2 9 1 PULSE (5V OV INS BNS INS ION~S)
V1113 7 1 PULSE (5V 8V INS INS INS IbNS)
VIN4 5 0 PULSE (5V IV INS INS INS IBNS)
.TRANi iNS 20NS

AEND

1t~i.~B/IB84 itti~* SPICE 26.1 (1560160) ''"1:71w"

I CMOSIBULK 4-IN W64~ TR,4SIENT t)NLYSIS

IEE IOSFET MODEL Fk WETERS TEMPERATURE 27A666 DEG C

14MOS P1105
Birf'E rhIOS PMOS
OLEVEL 1.Vbd 1.Voi
MYo I.66d -I.6wo
UKP 2.3oo-65 1.36d-d5
O&Mii 0.398 8.626

8PI .576 0.624
oCJ I.v2a-64 I.61d-i4
iTOX 7.56d-68 7.5od-08
Br4SUB I.W4dtI 2.56d*15

iD 7.00a-i? 7.ubd-07
D UO 580.080 366.66

D-29



1't'at'i/1v/84 "*#*it SPICE 2G.1 (IJOCITa) *,,*1I:2t

i CI1OS/BULK 4-IN W44D TW4SIENT ANALYSIS

ji*** IrNITi, TI6i6IEN1 SOLUTIU4 TEMP~ERATURE 22.iod DEG C

146bE VUL lubE NdLE VULTO' NODEf VOLTAGJE NODE VOLTAGE

1)L 5.s0uii 4)i w.OV0 5) 5.iiae ( ) @.wiw

11I) 5.dllu

VOLTkI6E SOURCE CURRENTS

rW1E CURRENT

VbiD -2.773d-11
VIN) 0. dtii
VIN2 0. diww
VIN3 8. dtii
VIN4 I. d#46

TOTAL POWER DISSIPAT14t4 1.39d-li 6;TTS

I~w~~**B/1~84 *a"" SPICE 26.1 (ISOCTbw **"6:?:0*i

iCJIOS/6ULK 4-IN NNND TRiSIENT ANA~LYSIS

dist* OPERATiG POINT INFOlRbmTIUt TEMPERATURE 27.8de DEG C

it*** MOSFETS

dM1OEL FTIOS Ni1OS Ri1os P11OS P11OS rlios P110
I&i u. atio -2.?'4o-ll -2.74d-11 i. didi 0. d+## -2.7?d-iI 8. 6400
v 5.008 5.wdi 5.db wBd 5.wwS Md 5.6il

VDS 5.008 -b.ibv -S.m5 5.vbb 5.M~ -0.iei 5.80
VS5.ws0 -i.si, -0.008 5.506 5.Mw -6.iii 5.580

d M8
uMuDEL mo S
ID -2.77d-11
V6S 5.ii5
voS -e .iia
vas -.

p ~i~tif*40B,1B6/84 "t*" SPICE 26.1 (15OCT80) '~*1I~2tt

aC11OSv'BULK 4-IN r441 TRANSIENT ANAiLYSIS

l..t J..SIENT ANLYSIS TEMPERATURE: 27.000 DEG C

bi-)u



x
I IE V(Il1)

X* --- ----- dloi 1..Ijbdfil 2.50d~bW 3.75dia 5Av~dsw

2.MW-09 -I.386d-I7
3.dd-i9 8. dod t

4.wid-89 0. d460 ft*

5.Wu-89 0. dsB f **

7.WMW-89 S. d .

MoBdd-89 d. d4dBf
9.uidd-09 8. diBB t +

1.16id-08 8. dtid ft

1.3odd-fl B.0odibb .

I.4W1d8 5.OdBdtoo .

1.6Whud-w8 5.08000~ ...

I.Bdd-88 5.0BwsS A .. f

l.dddS 5.ObwOd4w 4. *

2.BWs-08 5.idbdfdo 4 .. *

~~ - - - -. -t'r *.- 2 ' .- -. -. - - '.-- -. -. - . .- --



Jtt**t,,Mb / 4 **tt*t SPICE 2G.1 (IJOCTb6 a,*id:6:lt.

V £~CMBS/bULK 4-]f4 1ifD TRSIEN(T tiHLYSIS

q*ft tiwFUT LISTI11b TEMPRATURE = 27.i~i bE6 L

.WIDTH 00J186

.0PIMS ITLI=5bi ITL5--i

MnODEL MUiS RIC'S W(Tl-V 7d;(=75ii Ui)=5di lSU&=IEj'5 04.7M)~
*LEVELzl
.M60EL PrIDS FTIOS (Vf10-lV TOA=75ti1 U&F3dV nSU&--2.5EI5 LVOA.?(1)
*LEVELIl

vbGD I i OC W~
iii 1 5 4 1 FilDS L=5.ud W=Id.dU
rf2 6 5 4 0 NNUS L=5.UlJ (-37.5U
M3 8 7 6 i rfiDS L=5.9U w=-37.SU
M4 1 7 41 MO1S L=J.VIJ W.-IO.OU
M5 1 9 41 P1105 L=5.OU Lw188U
M6 18 9 88 1tuS L=5.OU if37.5U
M7 1 11 41 P1105 L:5.8U 6L.18.U
M6d 11 10 1 NMOS L=5.AU W--3.'SU
COUb 4 d i.2PF
VINIi 1181 PULSE (5V OV INS iNS UNS IONS) A-C pulse hi, h-low-high

vi,-,9 d PULSE (5V OV 114S dNS ONS IONS) D remtains hi~h
VlIh3 7 0 PULSE (5'V NV INS ONS dhS ION4S
VIN4 5 i DC 5V
TiFA4 IfiS 281i5
.POT TRA V(II) V(4) (iV,bV)
.Etil
t*1""8/108'4 '"it SPICE 26.1 (15OCT88) t,,*811:1*i

d CliOS/6OLK 4-111 miD TRA461ENT ALYSIS

Ott* MuSFE7 MODEL PktiAETERS TEMIPERATURE = 27.do DEG C

tflDS PTMuS
6TYPE wrluS PMOS
BLEVEL 1.WWW I.MU
UVTO 1.di -1.WU8

d 2.3io-85 1.38d-i5
8 6fi8 .396 0.626

OPhl 6.526 0.424
OCJ I.82d-4 l.old-W4
OTOX 7.56d-08 7.5id-8
disu8 1.duo+15 2SdI
ULD 7.00d-07 Mi8d-0?
iuU MU.8 u.000

D-32
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1,"tt'oWE //4 *#ttt SPICE 26.1 (15U6i) ,'a~I1:I

0 IHOSIBOLk 4-114N4 Tkii1, SIENT ,k*iLYSIS

Ott** ]M4TIAL TiRd6IENT SbUIIi TEtiPEi~ATUA 27.iov DEG C

riu E Vu~l,6E duDE VOLTiiE tiubE VJOLTmGE rOE VOLTkiGE

1) 5.dd 4) i~ii 1 5) 5.8iiv i 6) i

VOULTAGE SOURCE CUkRENTS

W~E CURRENT

VD -2.273d-11
viNI B. d4oo

SVIN2 0. d4oi
V1143 d. d4d1B
VI114 0. dsBB

TOTAL POWER DISSIPMTIWr 1.39d-10 WATTS

0 ,*i'51/4u*m SPICE 2G.1 (ISUCT69) **,1:I~*

Cr105/BULK 4-IN 144D TRA14SIEW{ AtiLY~SIS

~,t OPERATING POINT INFOFWTIiiN TEMIPERATURE 27.088 DEG C

iit MuSiE1S

Ml M2 M3 M4 M5 M M7
bi1U~cL PMOS mols 1Nios iIos PriOS NiIOs FtlOS
ID d. at*i -2.74d-1l -2.74d-l1 8. dtii 8. d.di -2,77d-!! 0. diii

Ir:5.iww 5.dud o.wo 5.ivo 5.i 5.tb88 5.ouu
VDb .5.60i -Oib -O.Bio MOOw Mid -w.dai 5.000
vS5.jol -O.vdd -W.8 5.iii 5.0ii -O.M~ 5.8di

U M8
oeiubEL ftlus
10 -2.77d-11

VBS -~d
'**t4*tW8/Ii/64 *a."* SPICE 26.1 (150CT86) 1**B:63tt

d L10S/bULK 4-114 fiD TW61SENT RiLYSIS

dtt Tk~fSENT 4ALYSIS TEMPERATURE 27.di8 DEG C

. . .- . ~a
...... . .- .* . .~ ~. . . .p . 1 .- . -. V. a . . . - .



*:V(4)

TiliE V(11.i

------- . oleo I.2 dAs ' 3. .uojs .dt~d'd

1 I.Uud-b? 5ABudibi 41

3.udod-69 V . d'id.

5.duid-69 8. d.WW ft

6.Oddsd-09 0. dsi *, i 4

7. odua-uY d . dtiu t .. 4

d.00od-w9 0. df4i 4

9.dbdo-i9 0. d488'.
1BAW-iB 0. d4~W t. 4

I.Iobd-08 B. dB*8. 4

I.2W~-iB 0. diBi It.
I .3U'dd-bB MOOAO~u.

I.ovau-68 5.00d0B4oo.

IWcaG-U6 Maied4t 4 .

1.0ao 5,0 dio

D-34



j '*t INPUT L1STIlu TEMERTURE = 27.od~ DEG C

uelSI-7o ITI ~
.M~bEL IVS 106~S (VT-,=1V TUAz?5m~ U&--5d Ntub-1EIJ LLb.?R1)

tLEVEL=I

ILEvELLI

MI I 5 41 f'tUS L=5.BUWb tiU
112 o5 48 r4IOS L;;5.iU W-2?.5U
H3~ 8 76 0 r4MOS L=5.@U w=-37.5U
M4 1 7 4 I FlIOS L=5.OU 6 10.dU
M5 1 9 41 PTIOS L=5.OU W=18b.BU
ho I~ d 8 8 4,10S L=5.#U W-=37. U
Wi 1 11 41 PtIOS L=5.dU W-IwcuU

0 N18 d 11 Iad W iUS L=5.UU W=37.5U
LOUT 4 6 0.2PF
1 lh1 11 i PuLSE WS WV INS b~i6 WiS IoNS) A & B p~ulse high-low-hi~h

YIVN2 9 d PUJLSE (5V dV INS ONS VNSl IONiS) C & D rem~ain hi- h
QINJ 7 J [bC fi
VIrN4 5 DC 5V

I**ii~d8.1V/8 a'~.i" PICE 26.1 (i5UCT8~tt*i545*,

d CM1OS/BULK 4-IN Wil) TR~iSIENT il-LYSIS

IMuZ'FET MODEL j.k'iETERS TEM1PERATURE 27.8bi DEI3 C

ojiPE rflb PMUS
6LEVEL I'mV l.d
OVV1 1.ah1W -I.iud

KP 2.Jiid-65 ]. 8a-05
d W. 396 8.626

dPH] 0.576 8.o2
dCJ l.U2d-d4 1.61a-14
UTux 7.5ud-do ?.5ud-b8

VLD 7~-7 78d8
ouU 5ii.ovi 30i.ilv

D-35



lttt%*to6/iA/d4 tta"t*tt SPICE 263.1 0I566b *ttst~tOI:15:4jtt'

6 LlOS/BULK 4-1IN rt-D iikT *LI

.9F bt*tt 1NI~IIL T~iSIENT SOLUIld TEiiPERIdURE =27.dv bEG C

NODE~ .VLTP46E tqjL' VUL7 U'E NH VOLTfuE NhJDE VL~nGE

D l I.dd6 ) dddd 5 .bd ) 6A

bi YjL-kiriE SuRLE CURiMENIIS

vib -2.273d-li
VINI d. dtoO

* Ak g ~. 04io

V1N3 ~i. d#06

1,t~t~~o/U/4 *~tt~tSPICE 2G.1 (IbUCT66) **t***0,J:J5:4cji***f

o*t, OPEkrTING POINT INiFO TILN TEI1PERAIhRE = 7o DEG C

tt NLSFETS

dml M2 M3 M4 M5 M6 M

MODEbL p111Th wi*Js NUS PMliS MIos WDiS mIos

lb d ~d-,401 27d1 0 O . dd -2.77d-11 8. A
Y 5.0b ddt .di 5.l

V YLim 50b

v ~tb,'~ 5.6ou " -dPlCE -06 (5.6bd J.6bt y -$I15:45titd

ii~~, C10miL 4-NwD1RjIETuA1]

~~~.0 TRAIEN -Odo T5iEddo = 2?~~ E

................. ............................................

ID -2.7?.-.

.u- 5.d .



iLEGEND:

TIIME V(I 1)

XI)------- 6. did# 1.25uosui 2.5aidtsg 3.75wobi 5,~bdotS8

6.0od-ui 0. d4061

7.tiud-O~ a. died 11

7.Obid-UY 6. dsd8 *.4

8.8WdO-08 8. d4dO*,

1.300d-08 5.vid408

I.851Ud-06 8.06004* *

L.ded-08 5.MatiU +t**

I.3id-08 5.d8dsw ..

I.~d~ 5.841d4iA + f

- - -.~ d B - - - - - - - - - - - - -

D-)7



1a,,*/1~,'~ *t,*~,SPICE 2G.1 (1500C80) t'f*ti8Il:I4:28at'"

u*' INPUT LISTINUo TEMiPERA~TURE 27.8d8 DEG C

W~IDTh DUT=8d
.GPTI~a'6 ITLI=5ui~ ITL~A
.MODEL triOS M~OS (VTO@IV TUX=?5ti U01-5i fHSWbIEI5 Lb--.7~tiU
*LEVEL=1
.riObEL ftiOS PrOS (VTh-1IV TGX=75(tl UO3= NSUE--2.5E15 04-.74X1)
*LEVEL=I
Ybo I 0 DC 51
MI 1 54 1 Pt1US L=5.AU WAA.d
M12 6 5 4 6 11105 L=5.AU W--37.5U
138 7 6 8 tIIOS L=5WU Wz-37.5U
M4 17 41 P11DS L=5WU W--I@.OU
115 1 94 1 FPiOS L=5.OU W--J#.8U
M16 1 98 8 0 N10S L=5U W--37.5U
M171 11 41 FTIDS L=5.iU w-18A8
d 011 A8 11105 L=5.81i W=37.5U

LUuTf 48 6 02PF
VINI 11 0 PULSE (5V 9V INS 6NS WL4S IWNS) A pulses high-low-hi,;h
V I N2 9 DC 5V B, ,&D remain high
VIN3 ? 8 Dc 5v
VIN45 8DC 5V
Tkki8 INS 28NS
XPOT TRMN V0i1) V(4) W$,5V)
*Erib

lat***t06/84 ***it*** SPICE 2G.1 (I5OCT5u *tt'Itt~td:14:28*#*

d CMOS/BULK 4-IN *N1D TW61SEWi ,4*iLYSIS

o"' MUSOFET MODEL P4METERS TEMPERATURE 27.088 DEG C

6IYP NMS PT'OS

dLEVEL 1.6i8 1.w85
WvTO1.000 -I.M~

dP 2.3id-05 1.38d-65
d 4T; 8.396 i.626

6PIII 6.576 8.624
bcj I.o2d-04 1.61d-14

8T ~ 7.5wd-88 7.5id-8
nr4SU6 I.BWd15 2.56di15
iLD 7.9id-8 Mi8d-
iu 5do.boi MAD88

D -



l t~al/4**i**t* SPICE 26.1 (120C80 a**1I:2),

U"'** 1TINM L Tkkva-zLd1T SILUTIL(I TEMIPERATURE 27.m~ DEG C

riUE VOLTAGE NODbE VOLTr.GE NOUE VLTAGE NODE VOLTAGE

1) 5.0m 4) 6.60dw 5) 5.udiii 6) 0.808a

11I) 5.ouB

VOLTAGE SOURCE C~fiRFEdS

NAE CURRENT

vDD -2.7?3d-11
Vito) i. d#00
VIN2 0. AsB
V 113 a. d+ib
VIN4 B. dIB0

TOTAL POWER D1SSIPATIMt 1.39d-10 WATTS

I~t**~o/W/84~**~t** SPICE 26.1 (lSOCT80) tia*:126 **

dCMU(S/6ULX 4-IN NAND TRANSJ1EUT ANALYSIS

jit OPERATING POINT 1NFORmATI(N TEMIPERATURE 27.068 DEG C

0*,,* IlUSFEIS

M1 1 M3 M4 M5 M6 M?
UMMh~L Piuij Nmais ti4os PhiJs PM'OS ttiOS Prios
ID u. o~oo -2.74d-11 -2.74d-11 0. d*08 B. A0u -2.77o-11 6. dewb

vu imi Md 5.dai Mo 5. 08i~ue 51800 5.8od

bh .dd -0.6bW -d.wiu 5.6dB 5.0iB -B.BWB 5.80B

d i
dULDEL timhs

ID -2.77a-11

1t**tt*8/IB,'84 i*.*.'. SPICE 2Gi (IJOCT80 ~ 4iI:B~

CIIOS/BUij( 4-IN tv~ib T.14SiEo 4*0iS1S

T~kiIEN " twLYSIS TEfPE~mIuRE 27.iwB DEG C

L)-39



wLE6fi:

ft: Q(dI)

I I

TIME V(11)

X(* ------ i 'u I.25ddie 2.148046i .5ws~ 5.iiiated

1.dudd-W9 5,ddddw+ ' . .

3.6wd-d9 0. A63 .d O- w 9 B. d ~ uw B * --- ..

4dAodd-d9 0. ds+W * . .

5.uOdu-09 B. dBt
6.Bdd-d9 4. A6B t

?.Ouwd-B9 d. a.~wft
8.wibd-09 0. Ofw

9.IHd-Q9 B. dBB * .

1 I0gtd-08 i. d Wf t .

1.20id-d8 B. dig@ 9 4

l.40dd-w8 5.008d406 . -- *

1.4Bod-88 5.BuBd.W . . 4 . ..
I.5 B d-B8 5MA.U dsB . . "
1.9ed-68 5.AB 6d4 ,-

2.bild-B 5.00600 4. f
-1.-d--8 5.- - - - --d - - - --

I

1.9W~dBB 5.B.... . .

D -40 'i'
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VDE)

A~r 6 ]1iL :2L

IlL :2L

a) 114JU

r'~ L1 rN 2L 2L

GND (5.37) Vdd (40037)

___________ OUT (43,33.5)

* (0,27.5)

b) 7size:

43L x37L
I CIF ID 26

Figure D-6. 2-Input NOR Gate

a) schematic b) CLL plot
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1t~tt*t~&'~,84 ""'at SPICE 2.1 .ISLCIddj ,.,)f4:?a,

dtt INPUT L1STiti 1EuPEAIuRE 27.6id DEG C

.MtAEL tiiOS niluS %vTG--iv 6u.2k1.O5--jo mubr-IEI L~b.lum
ILEVELz I
MODUEEL FiiOS &liiS (V1O:-iV IA=?51i UG;-,o N4w6=2.5Ei5 LLfr.?UM)
'LEVEL=l
QDD I i UC 5)
MI i 5 4 rIDS Lm5.dU w-tj.6U
M2 7 6 1 1 PMOS L=5.8U wz27.5U
M3 4 57 1 FtIOS L=5wUU F27.5U
M4 0 6 4 0W 1Ob Lz5.dU W=-5.dU
COUT 4 i 0.2PF

VII6 d PULSE (dV WV IS oriS orS idNS) A &B pulse low-high-low
VIN2 5 i PULSE (OV~ 5V INS 8?vS 8rNS JdHS)
T64 11S 2driS

1,tatau~IW!4 '"t'" SPICE 2G3.1 (150CT6d) a at14:?i.

4 CNUS/bULI 2-IN NRK TR,Erff iiYI

dat MUSFET MODEL PkkAMFEERS TEMiPERATURE z 2?.A8w DEG C

tflUS PMOS
iT'iPE rfous FiOS
diEVEL 1.00i 1.8ig
WED~ I.8io -1.88

.3o-95 1.8-05

9.596 i.626
dPHI 0.576 0.624
*CJ I.o2d-04 1.61d-14
OiUX ?.Sdd-08 7.50d-8
WiSUB 1.080415 2.580415
dLbi 7.0id-07 7.iod-07
vuo 5ii.888 388.888

D -42



1t*t*i88'30,84 *t"".'t SPICE 26.1 (15OCT68) **.tiai.WI:47:27fi,.

0 CMOS/BULK 2-IN NOR T644SIENT i~ALfS1S

8w"'. INITIAL TiWSIENT SOLUTIONJ TEMPERfiTbE 27.ida DEG C

W&OE VOLTA6E hOOE VOLTAG6E ri0E VOLTiiGE NODE VOLTA6E

1) 5.idd 4) 5.ibii 5) 1. ( ) 8.

VOLTAOE SOURCE CURRENTS

III i1E CURRENT

VVD -1.38?d-iI

VIN) 0. dfbW

VIN2 8. d4oi

IOTAL POWER DISSIPATIUN 6.9Md-11 WAIS

1t*'.*d6/84"'ti. SPICE 26.1 (15008~b) "*i**tw:47:27*i"

i LliOSjSULK 2-MN NOR TIW618fEN kiAISIS

it*** OPERATING POINT ItiFOW~TION TEMPERATURE 27.Mw DEG C

5tffOSFETS

P1l 12 1M3 M14
dMODEL m~os PIIUS FIos ruS

-5,68 -5.88w -15.8bo Mo -5.808
MO -J.600 -saood -b.88s -5."SH
v~s -Mio~ i. 8.idu -5.8k

1'.**E~B/I/~4.tt"** SPICE 26.1 (150080) ti.*tt**VI:4?:2?*A'4

8 LU5/BUL9 2-IN NOR TRANSIENT AfiALf',]S

oto.* Tk-iNSIEflT 14mLYSIS TEMPERATURE 27.6ii DEG C
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': :6)

T!INE V 6)

--------- a iti 1 .21die 2.5ov&Oo 3,75doioU 5.iod4i

d .Uod-d d . Osdd

2.oudd-i9 5.8du$s . '

3.6odd-89 5.dsw . .

5.00ud-09 5. ddid+68 ..

r .~d-9 5.abd4ji 4
A 7.dddd-d9 5.MWd4bi 4 .

I I

I8 d-85.0did4ig 4

1 .3v0O 9. d*i#s

I i23 d-8 8. A o~

1.4$tod-08 0. ONiW*

I . 7doa-08 0. d4i
I .600d-U8 0. dfii
I .9woo-08 8. AtB'

I.Mwd-WH 8. A8SI

---: -'8 -

D-S



If~**,BIB84 t~t*tf SPICE 26.1 (IJOCT68) t*iwI4:2t,

B CMOSA'ULK 2-IN NOR Tk~ilENT kiLYSIS

it** INPUT LISTINGi TEMPEkAIURE 27.voi DEG C

w~IDH OUI=bi

MNOUEL ttlOS WIOS (VTOI--V TGA=75HM bO-i5di NSU-IE15 LD=i.7trD
tLEtVEL=1
.M'ODEL PriUS FlIUS (Vlu=--IV TOA=?Wi'1 UO,='ub 15u -2.'5E15 LDi)=.?Lfl)
tLEVEL=1
VDD 1 B DC 5V
MI 0 5 4 0 14105 L=5.BU .B

M12 7 6 11 PrIOS L=5.OU 6=27.5U
M13 4 5 71 P1105 L=5.wiU r27.5U
M14 1 6 4 B ribS L=5.BU W=5.wU
COUT 4 B B.2PF
VINI 6 B PULSE 0BV 5V 114S ONS bt~a lbNS) A pulses low-hi~h-low
VIN2 5 B DC i.) B remains low
.Thi 11S 2iNS
.PLOT TRAN V(6) V(4) tiV,M~
END

I.titt6/1w/84 *'*tSPICE 2G.1 (15OCTBB tt~*,I:8B2**

d W UI6S/8ULK 2-IN NOR Tk"-SIENT AiALYSIS

it** MOSFET MODEL PARAMEIERS TEMIPERATURE 27.68i DEG C

&h'P r'aOS FtiUS
IflE NOS FnOS

ULEVEL 1.bia I.6du
VQTO I.BBB -1.860
iKP 2.30d-iS 1.386-65

66W .396 0.626
dptil 0.576 0.624
iCJ 1.A2d-v4 1.6)d-04

oTA 7.50d-w8 7,5od-i8
iNSUB IV1.wI5 2.Sid15
iLO 7.06d-07 ?.Bid-87
WUO 5Ww.BB 300.0ii
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I~t,*tts8/6/84 tititttt SPICE . (15ULTod)

8*1I** INITIAL 7646ET S~iUL(4l 7E~i1PL',TUkE 2?.dvd DEG C

t,wjE VbL7,;&E NLut n i NUDE VOLLIjut NubE Q.ULTI 

~)~.tUO~ 4) 5~~ ) 8 6) U.

7) ~88

VULiruE SOukCE CuK~N1MS

:4E CukEtiT

VItiz i. dtdd

TUTriL P~AAER DISSIPAIIWN 6.93d-11 WATITS

I~ltt*d0,Iu/84 ******* SPICE 2G.1 (15OCT88) i,,s~i..dI:48:2t*4*t

d C1US/BULr( 2-IN NOR TWSIENT MLYSIS

8"t~ OPEATING POINT iNFORPTIjM TEM1PERATURE 27.oii DEG C

8""i NMiSFETS

iMl M12 113 M4
IOUDEL tilos P1105 P1105 ttUs
ID 0. aiii -I.'06d-II -I,3id-11 i. Odi~

0O v ~ -. -5maw -5.8di -5.06S
Vbs -5,80i -0.8id -8iw -5.woe
YBS -5.8i Ii. i ~ -5.i8B

1mtt~~8/I,64 '"t"* SPICE 26.1 (1500T8d) *tvl4:2Ef

6 C1bStIUL 2-IN NOR TW,'*IENT AriLYSIS

8""t T.~iSEfl AtiLYSIS TEMPERATURE 22.008 DEG C
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dLEb~ib:

t: V(O)
t~V(4)

T

i------- d. 0+00 1.2Wd482.d$ 3.75idtd 5.bvdiWi

U. Odd~ d: I ol
J. oUd-W9 . d .- . *

Mot~w95~dd4W ** 1
5.uuu-u9 5. wdt B ,
6.AWud-9 5.Ad0dti . *

9. Ua-B 9 5.800d+@ . *

1.dod-i8 . d+ ( '
2.1ued-w8 5.edudsu@ 4 *

i.2vs-B8 5. evdv * • -'"--

14.ud-o8 8. dAUB ,

I,6buo-u8 d. ds *
i.7 wd--8 -d- - - - - - -'-

, - I.7w~d-w8 6. d U

I4

i.ud . dO

li-ko



UE)D UDD

P' 50L:2L 125L:2L

a) 4 55 6 OUT

q 20L:2L fl5OL :2L

SGND (2,90) Vdd (91,90)

LIJ

IlLl

(0g41) .-

OUT (94,32)

tR , 7 sizes

94L x90L

Figure D-7. Double BufferCIID2

a) schematic b) CaL plot
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t . , t

d i UD~bULK 1)WuLE b6FFER~ T644bENT rivLISIS

d** INPUT LISIING ThjIPEFQIURE 27di DEG C

.wlhTH UU~Tid

.OPTIiS !TL1:zv ITLS- -d

.MODEL W65u f4MOS (vrO-IV TOA=751 U&-5U$ NSWUI15 LD.7Ulk)
*LEVEL; 1
.fIWEL ?1O3- hiluS -:VTC-lIV TO~z7tttl UU-3do NSU13=2.5E15 LD~i.7L~li
iLEVEL';1
W4D 1 4 DC 5v
MI 5 4 Lt 0 14MuS L=5.UU U=47.5U
M2 6 5 0 8 RIGS L=5.#U W-=I25ABL
M13 o5 1 1 PrIDS L=5.OU W=-156.3U
M4 1 5 6 1 FIDS L=5Mv w--156.3U
MS 1 4 51 PMOS L=5.wU W 125.wU

COuT 6 0 0.2PF
VIN)1 4 i PULSE tdV 5VJ INS ONS dNS 2NS)

PrLOT T644i V(4) V(6) (0V,5V~)

1*tt**d8/18/b4 **i***** 6PICE 2G.1 (156CT66) ",t41:8~

0 CMOSI6uu( DOJUBLE BUFFER h.ASIEfT 4iLYSIS

d*t** MOSFEI MODEL F~kAMETERS TEuIPER*A1uRE 27.8ww DEG C

HMlOs FtiDS

uLEQEL I.ioi 1.dbii

dh .36d-65 1.5d-05
8 Giflh ik .396 8.o26
"PHIL 4.576 8.o24
UCJ 1.d2d-04 1.old-04
aTOA M.Ud-v8 Mb5d-u8
dliSUb I.W4ds5 2.5idt15
dLD 7.UBO-B 7.lid-U7
dUG 5bo.doo M3.b~
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j U LIUO/BuLK DOUBLE BUFFER ThifIEi tiT .,LISIS

d*t IM L Ti&Ii SuLUTILN 1EMPE~klURE = 27.dud DEG C

kuuE VULTh.uE ri~jLE VOLTAGE liOCfE VULTMu"E NUDE VOLTAGE

1) 5.ddio k 4) 6. 5) 5.idio ( miAt1

VULTAi6E Si~ukCE CbkRdiTS

riE CURRiENT

VUD -2.aHad-ll

Vifil 0. d4fbd

* TOTAL PLLWER DISSIPATIMt 1.04d-1a WATTS

d C410 $iuLK OUUbLE BUFFER TA~i i v LYSI

d *t*1 OPERA~TING P0)Le4T 146kiTIU4 TEIIPERHTUkE 27.v LbEu C

dfili muSFEo

6 nil M2 N3 M4

ID 1.9130-12 1.39d-11 -1.93d-12 8. 04ua 6.93d-12
VG -iMau 5.wa -imia

)S5.dda U.daa -5.8da 5.aO 0.0do
)6 . a. 8. 5.ddo WUU

d Ltlilu t,~Ur 0-jubLE EuiFER ThI~JcIEJNT iAwLYS

d** TRW1tT AtiLYSIS hTEPEkiATORE = 27.oi# DEG C



':V(4)

x
TOME QM(4

------- w. 1s~ .2jd 2. Sodi dO M 600su .t~~40i

6. d*ibb 6. o#66$ . .

4.00da-li 0. a~ X di x

bi .id-B 8. diBB x

1.2iid-99 5.0odd41g.

1.4dod-69 5.BdibB . . x

1.Bwid-B9 Moidaasw . .. X

1.2oiio-09 5.08800v8 .. .X

2.4liid-v9 5.6~ddii ...

.dWd-d9 5.BBdiob .

'Aiud-B9 5AW46d0 . . x

5.udB .086d#80 .

3ioud-09 5B. .tBX

4.AuW-89 M.OMBBX .

3.20od-B9 B.OW466 .
3.4oid-69 -5.14d-15X.

3.6ood-09 B. alig.

4.200AB9 8. d+08X.

4.6dBd-69 8. 088B X ..
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Appendix E. CIFPLOTS of Group I Pads

Presented are the CIFPLOTS for the Group 1 pads that

are available for CMOS/BULK design work. All units shown

in the figures are in lambda (L). The coordinates for the

Vdd and GND buses are not given because they are not

necessary for any design work. The pad frames should be

used.

A description of the CIF layer names is as follows:

CLL Layer CIF Layer

poly UP
* metal UM

diff UD
contact UC
glass UG
pwell UPW
nwell UNW
pplug UPP
nplug UNP
--- XP

A more complete description of the different layers

can be found on page 111-5 of chapter III of this thesis.
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Is'I

4p

... ....... CIF ID 824

L
0
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Vdd

xx

NN

0 c
U. :. -- "**

* ____. . . a (1690

Figure.E.4,......



Vdd

N

GN

O.L.I .... 8.2
cn;t4~

,;~..s.\., "t

0 p

a d

daa(50 aa(150

FiueE5Laii

E-

. . . . .



Vdd

I

I

IS

N 9L

dat (4,;) daa(110

I--



I.-ii~xNVdd

-. . .........

.... .

CIF ID 818

*, , a! ,, f.. 1 ' . " I :J! . , ,:

ka 4 . 4..

0A 3 ... . ..

.

ocJ* Vd

dat (47,
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Vdd

..~. . .....

~ '1 ipF ID 836IDI

I L. Ij

I.-i

'., j ....... 7-- - '

, Vdd

data (ii0,O)

Figure E-8. padi out ttl
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~1 Vdd

NW

CD -------- CIF ID 825

~-'~* ~r1~*fl out-enab low, pad is
I input and signal

0-~ E r:! appears at "in"

-Z -. out-enab high, pad is
.. '~ 'J' Joutput and signal

7.5L, I ~ I. appears at pin and
~ -p>.at "in"

GND

0 FA

14 .,7rT

Z..

out-enab Out in
(120.0) (154,0) (255,0)

Figure E-9. padits
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Appendix F. CMOS/BULK Cell Library

Presented is a listing of the file "c ext.cll" which

shows the available cells in the CMOS/BULK library

"libc.lib". To use the library, the designer must include

the following line in the ".cll" file:

#include "/usr/local/cad/lib/bane/c ext.cll"

To invoke the library, the -1 option must be used in

the BANE command line as follows:

bane -v cmos -1 c . .

S .g

F-i
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,. f r,,ae : ,T LHr-a .,_ LI [BR:,iR' _DEF 1 : L )

i+cie -I i t? t-d'& _ L I L*&c-iK bEE I NJE L
e.. t rr t L .. ,,r tF u 3 , +J It C:1: L c ur, -. o u U t. 4 .'

ter-raz, a pailUut aid I d; bcuad .r, - 0I J CL ,L ,I
t.:teraal p.,di:n ' ztf d19 Lc'uro, , c. uidt' ,,. L)

E.: terrial r ri rc' i 'n . c 1 + .22 C, ou -lCJ L 0 :C o , 4CI

e *t- -fi , r,: 'ii i I T : ou rid . ui :i;aUat .41

tcricsl Lr'C 4l ar t c . 2 c ,,url -LI ,1 h- t ,_., 0

te r- p, I L ,: u ' t : p c c t 2 o c, u r , , r 0 -u L 4

t..t r, r, . I p .t 1 L r -t t I ac i + :'29' Loun,:l£ CI ,a o, U ,4 .
e.. t v-rial pAl , ou t t t I 1 6±,a, L ourd, c Li Z- Lu,cV 1

t ttraa pad inr (e : 4o L riardcs 0 .0 'I0 4 0
t, rna Ipad L'Li, '.ci+ ;43 Lanut.dc-+Iboun s at f U .
t r-,rral pa r a d c i : 4- , o ur i d i- C ,ai 20a ,4
terr, al Ip d 2vdd ci + -,,49' bcund. 2t oL1 4 '
t e -ter-nal p d'- p ' , Vaf S U Lound. 01,0 2 0, 4 :0)

V.tt -rriai pad .dd ca i-f b, ourad-- 0 ;1 2t : t .)

t,.ter.r I pad : at , r a: :3 L cound- Lt , -0 -200 0

. ter, ra Ip -.card k c t t 64 0 b cud. c -d'210 c 0

k tr a p.red .a-.c e cit 641 bc'urid. ,0 2 U .
-v r: 1 tr di e 'oI p bound n &E. -1 4 ,&i6)

40- _ ettr. na pa0e-arnpl 85 1 bounds 0, 1 1 .0U,43u,
e.:ter- nal pad - -Tple (c f 2: -2 bound • .t0,0 .1 L , ) , 0

eternal, p t P.. ( boua 1,0 4c..CU 0 c0)
e... ter.ra .p 4 (p tx t ' ct .5 bound -E . t -, 6 060 t'CO )

t r, r, aI p + - 4 p t , c S , c t 8 5 i bou n d - U, 0 it , L O )
te.:.ter-ria p - p 9 ci 3 6 2 boun I: -  - t , - " - ?1 ..

-r. -- c-- 2 boundr 1+, . I i ) 0 L0 0 , U

tr:-.: t e r ,_.1 4 :, 4 ' c. - t. c- u r _., d U L. -U

t t r'na T Ilc' -- T 2" bounds. C,
.- t e r' r, , I IP rwi--4 D: k. c' , i bo n, ':, 0 0 .4 -4 2:1- .. un e 79 ,Y. .

,- telrna.l N:.._dI-E ,:' t 2 boun d- t 3O :',--, _:.)

tern1 e.lj-aD2 c it 2 bound- C 1 i 44,4t.)e-.: tern l I N44I- "a i:-f 24.- b'ourads U ,(1 44, oba
e.t r, r,i 11t-l..DF c tit 24 ~ bou d - 0, l 44,oc-,.

t- n -,E ,ci 25 r- tI bounds 0 , C 4', 0)

t-..t Lrnr l N0K2 'ca- _. bounds- 0. 4-: ,

Figure F-1. Listing of "c ext.cll",
available cells in

CMGS/BULK library "libc.lib"
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Appendix G. CLL Plot of CMOS/BULK ALU

Presented are the CLL plots for the ALU. The entire

ALU is shown in Figure G-1, and the four quarters of it are

shown in Figures G-2 through G-5. The quarters permit

closer inspection of the ALU.

The definition of terms are as follows:

AO - A3 Operand A

BO - B3 Operand B

SO - S3 Function selection, see Table IV-1

SEL When "high" selects logic functions,
when "low" selects arithmetic functions

0

FO - F1 4-bit output

P & G Carry look-ahead outputs
for successive stages

CI Carry in bit

CO Carry out bit

G-1

0:
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BO l

All

'4Jt1± 3-Y

AO~~~~, 7ih~~l..~
~ IF

~'21

VB3 -13-~ I'

A34a

L9' INI
.... .... - .

C - G

P Figure G-1. c1AOS/BJLK AIX
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AA FOF7

4:

0 49~ ~F2

Figure G-2. Upper right corner of ALU
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-- P

1 ~-P

-- 0

Figure G-3. Lower r'igh onro

G-4G



0B

I tin r
itt.. ..-

S I~iL

Al:I

5-.' - , H I

SL A',MI --------

- I N D

Figure G-4. Lower lef t corner of ALU
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Vdd-f_-7_ _ __ _ _ _ _ _

IH

Al

B2 
-Al

Figure G-5. Upper let cone f L
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Glossary

ALU Arithmetic Logic Unit. Combinational
circuitry that performs arithmetic and logic
operations on two binary numbers.

BANE A computer-aided-design tool used to layout
and plot NMOS or CMOS integrated circuits
using CLL, Chip Layout Language. It also
generates files that can be used in other
computer-aided-design tools such as CIFPLOT
and MEXTRA.

CIFPLOT A computer-aided-design tool used to layout
and plot integrated circuits using CIF,
Cal-Tech Intermediate Format. CIF is more
complex to use than CLL, although final
fabrication files are sent in CIF.

CLL A computer-aided-design tool used to layout
and plot NMOS integrated circuits using CLL,
Chip Layout Language. It also generates
files that can be used in other
computer-aided-design tools such as CIFPLOT
and MEXTRA. BANE is a new version of CLL.

CMOS Complementary-Metal-Oxide-Semiconductor. A
transistor technology that uses an n-channel
field effect transistor (NMOS) and a
p-channel field effect transistor (PMOS) in a
complementary switching action. CMOS can be
used for digital or analog applications.

DRC A computer-aided-design tool used to verify
the layout of an integrated circuit by
comparing the actual layout to a set of
design rules.

ESIM An event-level simulator used to verify the
switching of an NMOS digital integrated
circuit. It requires the simulation file
supplied by MEXTRA.
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HiCMOS A subgroup of the CMOS family that uses a
twin-well fabrication process with a double
layer of polysilicon. It increases the speed
and density of conventional CMOS.

MEXTRA A computer-aided-design tool that extracts
information about the nodes, transistors, and
capacitors of an NMOS or CMOS (p-well only)
integrated circuit. The extraction creates a
simulation file suitable for ESIM (for NMOS)
and SIMFILTER/PRESIM/RNL (for CMOS p-well).

NETLIST A computer-aided-design tool that takes a
network description of the entire integrated
circuit, supplied by the designer, and
performs an extraction on it. It creates a
simulation file suitable for PRESIM/RNL.

NMOS N-channel Metal-Oxide-Semiconductor. A field
effect transistor that uses n-type doped
silicon to form the conducting channel
between the source and drain.

PMOS P-channel Metal-Oxide-Semiconductor. A field
effect transistor that uses p-type doped
silicon to form the conducting channel
between the source and drain.

PRESIM A computer-aided design tool that converts -

the simulation file supplied by NETLIST into
a binary file suitable for use in RNL.

RNL An event level simulator that requires the
binary output file of PRESIM to do the
simulation of the integrated circuit. RNL
supports NMOS and CMOS.

SIMFILTER A computer-aided-design tool that converts a
Berkeley formatted simulation file into an
M.I.T. formatted simulation file and vice
versa.
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SOS A subgroup of the CMOS family that uses
silicon on a sapphire substrate (Silicon On
Sapphire). The transistors are formed on
islands of silicon grown on a sapphire
substrate. This particular subgroup is not
susceptible to latch-up.

VHSIC Very-High-Speed-Integrated-Circuits. This is
a DoD sponsored program designed to push the

development of integrated circuits that can
be dependably used in military, hostile, or

space environments.

VLSI Very-Large-Scale-Integrated (circuits). This
is a term used to characterize integrated
circuits that contain tens of thousands of
transistors on a single substrate.
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